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PREFACE TO THE THIRD EDITION 

The authors have felt greatly encouraged at the increasing 
popularity of the book in the various Indian Universities and 

kerned * * he tea< ’ hera and *• Z 

• 

m Q h i? P . r ^ Se ^ t ® dition has be »' n carefully revised and enlarged 
to make the book uptodate so as to include the curricula of our 
Universities upto the degree stage. 01 our 

electrio IZT’l ana, y sis ’ 'Appier’s principle and Piezo 

asjr, f “ r 

tionswtthansTer^tfe belT^T ^ '*'** nUmber of 

|n the text with I vlt tot fiL * 6 T* *° f each 
knowledge to calculations. P * h 9tu,lenta to apply their 


20th March, 1952. 


D. R. KHANNA 
R. S. BEDI 


PREFACE TO THE FIRST EDITION 


This book is intended to meet the requirements of the 
students preparing for a pass degree of the various Indian 
Universities and to serve as a link between the elementary and 
the advanced Treatises on Sound. It is the outgrowth of 
c’uas lectures delivered to B.A and B.So. students of the Punjab 
University over a number of jears. A systematic and logical 
development of the subject has been throughout kept in view 
and more stress has heen laid on the explanation of the Physical 
Principles of the subject rather than on arranging a set of 
mathematical equations. Accordingly both the graphical and 
the analytical methods involving the use ol Calculus have been 
made use of as found convenient to achieve that purpose. 
The authors have f. It that without the use of mathematics of a 
somewhat advanced type, the explanations could not be ade¬ 
quate ana understandable but of course the mathematical 
attainments of the students at this stage have been taken into 
consideration. 


Another important feature of the book is that, a large 
Dumber of class demonstrations have been incorporated and 
they are uniformly spread over the text. 

Certain Articles of the book have been marked with an 
asterisk {*). They are of a rather higher standard than the 
remaining articles and may be omitted by the students at a 
first reading for it has been aimed that the subject matter 
should not lack continuity and sufficiency without them. 

In recent years the subject of sound has attracted a good 
deal of attention on account of the important role it- is going 
to play in the advancement of science in general. We know 
that the modern acoustical research has brought in its train 
a large number of technical and industrial applicat ions of the 
subject. So a full chapter has been devoted to it but only 
elementary details have been given to serve as a mere guide 
and with a view to inspire interest in the subject. 

A large number of graded exercises and questions set at 
the various University examinations have been given at the end 
to enable the students to judge tbe grasp of the fundamental 


principles. 

The authors will be grateful to the reader for pointing cut 
errors or omissions and for suggestions to improve the hook. 


March 1946 
Lahokh 


D R KHANNA 
R. S. BEDI 
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SOUND AND SIMPLE HARMONIC MOTION 

1. Sound, its Meaning and Origin- —The word Sound 
conveys a double meaning, it refers to ( i) the mental sensation 
perceived by the ear, and (it) the cause responsible for that 
perception, namely, the physical phenomenon external to the 
ear—the wave motion which excites the auditory nerves. 

Every one knows that sound is due to the vibratory 
movement of some body, although the movement may be so 
slight and rapid that it is not visible. A bell, a tuning-fork, 
the strings of a violin, the air inside an organ pipe, the reed of 
the harmonium etc., are all in a state of tremor when producing 
sound. The vibratory motion of a hell or a tuning-fork can be 
exhibited by bringing a light pith ball pendulum suspended by 
means ot a thread cloBe to them. 

The pith ball will be thrown off 
violently. Fig. 1 illustrates an 
optioal method of demonstrating 
the vibratory motion of a fork. 

Light from an arc lamp, .4, after 
passing through a narrow hole, is 
allowed to fall on a small mirror, 
m, attached with wax to a prong 
of the fork, T. After reflection 
it is received by a revolving 
mirror* M , which throws it on a 
distant soreen S. By means of 
a convex lens, L , interposed in the 
path of the light between the 
hole and the mirror m a well- 
defined image of the hole 



is 


Fig. 1. 


and mooted ‘V™* » id ° made of plane mirrors 

through its centre. P 80 rotation about a vertioal axis passing 
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obtained on the screen. On rotating the revolving mirror, the 
spot of light will appear to be drawn out into a horizontal 
straight line. If now the fork is bowed, it emits a musical 
sound while the spot of light describes a periodic curve on the 
screen. It is a sine curve. On stopping the prong both the 
sound and the vibrations die out simultaneously. 

The vibration of the air inside an organ pipe can be shown 
by bringing a light paper pan having some fine dry sand on 
it close to its end. It will be noticed that the sand particles 
dance about when the pipe is sounding. Thus we see that in 
every case the body producing sound i6 in a state of vibration. 
Most sounding bodies, unless their motion be very great, 
execute a particular type of periodic motion called simple 
harmonic motion or their vibration consists of a combination 
of simple harmonic motions and hence the importance of this 
type of motion in the study of Sound. 

iSitnple Harmonic Motion- —Let a paitiole, P (Fig. 2), 
** V— a move with uniform speed, v, round a circle 

and let -N be its projection on the diameter 
BB'. As P moves round the circle in the 
anti-clockwise direction starting from A, 
the point A’ moves from O to B , B to B' and 
buck again to O. This oscillatory motion 
of N about the centre O is simple harmonic 
motion It. is the projection of uniform circu¬ 
lar motion upon any diameter of the circle. 

Let a be the radius of the circle and ft 
the angle at any instant which OP makes 


—:a 



with OA t the line joining the initial positions of P and A 7 . The 
angular velocity w of P is — and the displacement of N from 0 


a 


is given by 

y=a siu ft 

If t seconds be the time in which OP desoribes the angle ft, 
then ft = cot and we may write 

y=a sin cot ... ••• (1) 

The radius a of the circle of reference or the maximum dis¬ 
placement of N on either side of 0 is called its Amplitude. | j 
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vl 3 c'itv V n 1 f OC 'w y ’,■ 0 A ^ elerati0,, “ d , Periodic Time of N.-The 
velocity of N is the component of the velocity of P II to BB ' 

the velocity P is .along the tangent />*. V component 

Ikpn .t , : ls r m ^ KPN =o cos 9, since 8 and 

LKPN are complementary. Therefore the velocity of N is v cos 8 

cos 8=aw^ 1 ... (2) 

centrm, t !l ° e ' era , ti0n .- ° f A ' “ the component along *0 of the 
P acce eration of P . Since P is moving in a circle, 

L « 


thfe acceleration of P is —- =aco* directed towards the centre, 
therefore the acceleration of N 

= — aco 2 sin d 
= —.oj 2 (a sin $) 

=— <o 2 y y 

7iDo?e D asS dlCate ® that ^ a ° tS ° Pposifce t° the direction in which 

tequation^m 6 J ft h^r f«f 6 °/ f di ^ ren ^ calcu ^ us . by differentiating 
L nation (1) with respect to time we have for the velocity of N 

dy 


dt 


~a<o cos cot. 


Differentiating again, we get the acceleration of N, 

d l y_ 

dt* - 

=—<i) 2 y 


a<o x sin cot 


• •• 


• • • 


or 


d 'y , , 

Jit + o>V=0 


(3) 

(3a) 


dt* 

where «* is constant. 

aatUfvt" > 6 o' 1 ' 8 ? 01181 eqUati0n " ofS H ' M o«on. Every y 
aa fohowa ~ deaoribea S,m P le Harmonic Motion to be cleaned 

* r:; ia J:z%* a ™ nk 

-* was iwss&ift 1 * 

■*W 5 S; 
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the periodic time T— ~ and the frequency / i.e., the number 


of vibratione/8ec= 


CO 


ti 


1 


Also from (3) we learn that w~ is the acceleration when the 
particle is at a unit distance from the centre. We have, therefore 


T—2itI \/‘acceleration per unit displacement. 

displacement 


= 2w Va- 


acceleration 




acceleration 


(4) 


displacement 

The time period is independent of the amplitude ?. e., the 
vibrations are iaochronous *, whatever the nature of the path, 
straight or curved. • 

It may be interesting for the student to acquaint himself 
with the mathematics of solving the differential equation of 
S. H. M. Equation (3a) cannot be integrated direct’y. 


- . .. 

_ dv _ dv dy 
~ dt 

Equation (3a) therefore becomes 


d'hj d idy 


_ dv 
dy'dt ~ 1 dy 


dv 


-2 


v = — uj-y 
dy 

or vdv= — w 2 ydy 

Integrating we have 

h v'=-Yy* + C, 

where C is a constant of integration 
For extreme displacement 


w 2 a 2 


y=a or 




or 


—a and t> 

C= 


= 0 


w 2 a'- 


2 


•Vibrations whose periods do not alter are called ‘isochronous’ but 
note that it is not necessary that isochronous vibrations ar-» neoessarily 
Harmonic. 
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Whence. 


or 

or 


l v t- u,2o *_ yV 
2 2 

v t =w z (a*— y 2 ) 


v=(oy/a z — y 2 
This is equation (2) above 

Writing d J for o, we have 


dy __ 

dt =Ui V* 2 


-y* 


or 


dy 


Integrating it 


Va 2 -y 2 


$in-i Jt = 


r df 


cof^ 


u. 

condition* COn8tant of in tegration determinable by initial 
It may be put as 

y=asin 

Expanding the equation, we get 

-here B cos * Satin/>11 ^ ^ ~ * 

Represent them by A and *b. JU8t D6W C0D8tant s. Let U8 

formula'^ the “ °“ r eqUation «"M be expressed by the 
n „j . V~A sin cos cot 

FS s'j^sS^sUswaa 

^=4 seoonds. 

«=2 om. 
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m 2 tt _ 27r __2 ! r 

Since T =—. 4 * 

=77/2. 

By equation (2) above, the velocity of the particle 

= w\/a* — 3/ 2 
The velocity is max. when y=0. 



=w a 

max 


x 2 =tt cm./sec. 

Velocity at half its full displacement is obtained by putting 
y =-1 cm. in the equation ( 2 ) above. 

So the velocity = w.\/ 2*—l 2 . 

__ y/~~3 ^—TT cm./sec. 


2 




Also acceleration ^ 8 e= "" aj ‘ y 

At the turning points t/=«. 

2 2 

acceleration = (-y) x 2 = -g-cm./sec*• 

When the displacement is $ cm., the acceleration=w 

= (| )i = 7T cm / 8eo - ! 

Example 2. 4 body is describing S. H. M. of amplitude 1ft. 

its velocity while passing through the neutral point is 10 ft./sec. 

What is its frequency ? 

y = a sin (cut- f 9 ) 

Differentiating 


_ dy 
V ~ dt 


OJ C08 <p) 


The maximum speed possessed by the body when it passes 
through the neutral point is clearly. 


v =tt w. 
max 
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V 


Hence 


max 10 ft./sec 


a> = 


amplitude 1 ft. 


= 10 sec.' 1 


and 


/= 


uj 10 
—- = —— sec. 
2tt 


-l 


4. Elasticity and S. H. Vibrations.— Whenever a system 
of forces is applied to change the volume or the shape of a body, 
we observe that after the removal of the impressed forces, the 
body returns to its original volume or shape by virtue of the 
internal reacting forces called into play in it. This property of 
a body is called its Elasticity . No object is, however, perfectly 
elastic and the measure of this property, therefore, varies with 
the nature of the objeot. The resisting force called into play 
is termed the stress, and the deformation caused in the body 
on account of the relative displacement of its particles is called 
strain. 

Simple strains are of three kinds : (a) change of length strain , 
(6) change of volume strain , and (c) change of shape strain . 

Robert Hooke (1635-1703) discovered the fundamental law 
existing between the resisting force and the resulting deform¬ 
ation of an elastic body. According to this law “stress is 
always proportional to the strain, whatever the type of the 

strain” ; t\e., the ratio —-—r- is constant. The value of this 

strain 

constant for any substance is taken as the measure of its 
elasticity \ The law is, however, true for small displacements 
and holds within the elastic limits* 



X i ’ _- O-iw WUW UlUpOlhYt 

Let us see how ? When a body is deformed, it acquires 
potential energy equal to the amount of work done in defonn- 
jng it On rele asing it, the forces due to elasticity begin to 

/ must v B0 J W ? therr are 1{mit * beyond which the deformation 

■ Ssfn^!.® ,f S ebod y , * t<> ” C0Verit80ri « inal If. for instance, 

tinn a °® rta,n value the body acquires a permanent deforma. 

*•*.. « U then ..id to be deformed 
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restore it to the equilibrium position with increasing velocity 
and a transformation of potential into kinetic energy takes 
place. When the body reaches its mean position, the whole of 
its potential energy is converted into kinetic, and there is 
momentarily no deformation and no elastic force. But on 
account of the momentum acquired, the body swings over to 
the other side and a conversion of kinetic energy to potential 
starts till at the extreme end of the swing the whole of energy 
is potential again. The body is momentarily at rest and then 
springs back. If there were no dissipation of energy, the body 
will continue to vibrate to and fro with undiminished amplitude. 
But in actual practice the energy is dissipated in a number of 
ways ; a part of the energy of vibration is transferred to the air 
in the form of waves of compressions and rarefactions to be 
discussed later ; a part is spent in overcoming internal friction 
and is converted into heat and so on. As a consequence of 
these losses the vibrations gradually die down till the whole of 
energy is dissipated and ultimately the body comes to rest. 

It is obvious from Hooke’s law that the force bringing every 
particle back towards the mean position is proportional to its 
displacement from that mean position. Thus the vibrations 
executed by a body under the action of the elastic forces 
satisfy the characteristics of a Simple Harmonic motion descri¬ 
bed above and hence the importance of such elastic vibrations 
in the theory of Sound. 

5. Period of Vibration of a Body under the action of 
Elastic Forces. — Consider a particle which is vibrating under 
the action of an elastic force. If M be the mass of the particle 
and F v the force which acts on it when it has a displacement y, 
then by Newton’s second law of motion 



d-u 

, wheredenotes the acceleration. 
at- 


Since in a Simple Harmonic motion acceleration is propor¬ 
tional to displacement, the force must also be proportional to 
the displacement so that 

F y « y or F u — —Fy, 

w here F is the restoring force at a unit displacement. Hence 
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6. Some Illustrations of Simple Harmonic Motion.— We 

have seen above that in simple Harmonic motion the force is 
always directed towards a central or mean position and varies 
as its distance from that position. From equation (5) the 


V 


w 

H wi L th the raass M and decreases with the elastic 

frnm tT F ^ re8tor,Dg force at a unit displacement 

in The h «tT D F J* re,ation is of wide application 
m the study of sound vibrations. The following are a few 

plndM exa r?\ e \f ?•* sl “P le Harmonic vibration : (>) Simple 
Pendulum, («) Motion of a liquid in a (/-tube, (in) Oscillations 
of a gas in a cylinder, (iv) Motion of a body suspended by a 
pnng. For (t) and («), Bee a book on Properties of Matter 

we shall consider here illustrations (m) and (iv) and calculate 

the period of vibration in each case. 1 ' calculate 

^vlMe^Owhh cylinder.-Consider a 

P%i* 9n\ h i? frictionless air-tight piston 

jfj?’ 2a )‘ . If the P“k>n is forced in, so 
2“ B , ga8 18 ^“Pressed and then released, ? 

it will be pushed out by the springing action 
of the compressed air. Its momentum will 
carry it beyond the position of rest, the air 
inside then expands causing a deficit of ° 

S re oft b r mes rt ble baiance tb ® 'Mw&mw 

weight of the piston and the external pressure 

Hence the piston is driven in again in excess 

of its normal position and the process is 

repeated at regular intervals. Let us calculate 

the period of suoh oscillations. _ 

Suppose p and * are the pressure and volume rejotivdy of 
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the air inside the cylinder. Then since for an isothermal change 

pv= a constant 
we have, by differentiating 

p dv+v dp=0 


or 



If A be the cross section of the piston, the excess force on 
tne piston for a change in volume dv is 


F=Adp— — Ap • 

v 

If y be the displacement of the piston and l the length of 

the portion of the cylinder below the piston, then dv=Ay and 
v— Al J 


F^-A v . Ay =- A m, 

Al l 

If M be the mass of the piston, its acceleration =F/M or 

_ A py 

IA1 


Here the acceleration is propoitional to displacement, so the 
motion is Simple Harmonic and hence the periodic time is given 



T=2rr 




( 6 ) 


8. Motion of a Body suspended by a Spring. —Suppose we 
shave a heavy body of mass M suspended by a light spiral 
opring, S. In Fig. 3, the spring and the mass haDg in a state 
of equilibrium. Let a force be applied to stretch the spring 
displacing the mass M a distance y. After being released the 
mass M moves up and down in Simple Harmonic motion with 
periodic time. 
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where F is the force required to stretch the spring 
through 1 cm. To find this add an additional 
mass m and note the extension. Let it be x, then 
x is found to be proportional to m since Hooke’s 

law is obeyed. The force for a displacement of 
mg 

ss . • 

X 


I 


cm 


Putting this value, we have 


— J 


Fig. 3. 


/ \/ mgjx “ 7r / \/ 

V/ \/ 


Mx 

mg 


• • • 


(7) 


b 

9 


where b is the extension produced by the original mass M. 

ma^Td^' A a T in9 H verticall y and loaded with a 
mass of 4 oz A force of 2 lbs. stretches it 12 in. Find it , 

ioTtTnL ° 08Cillatl071 ’ its P&iod, its amplitude and its phase 


Using the relation, 


T 


V 


w 

negligible^ < TteeTf aUming th ® 8pring t0 be 80 H g ht « t° have 


■p _ ^lb. __ 64 ponnd als 

12 in. ~~ F ft. “ 64 poundals per ft. 


• • 


T 


v 


7 r 


seconds* 


The frequency 

data Provided. tUd Th8yIre Dn °t), bB determinetl from th. 
the motion. For inst a noo 7f t h° m th ° initiaI “nditiona o 
wrth a displacement of 4 inches, f ^/2 


12 


.^TBXTBOOK OF SOUND 



B\ the 'phase of a harmonically vibrating point at any 
instant we mean its state as regards its position and its direction 
of motion at that instant. It is the value of the angle AOP and 
denotes what stage of the cycle the particle has reached 
at that instant. If it is zero, the particle is at the position of 
zero displacement and moving towards B. If it is tt/2, the 

particle is at the position of the maximum positive displacement 
and so on. 

The term ‘phase difference’ between two S. U. Vibrations 
indicates how much the two vibrations are out of step with 
each other. Thus if two vibrating points pass simultaneously 
through their undisplaced positions in the same direction, they 
are at the instant of such passage in the same phase. If, 
however, the direction of one of them is reversed, all else 
remaining the same, they would then be in opposite phase. 
It is convenient sometimes to express phase of a harmonie-aJly 
vibrating point as a fraction of the time period which has elapsed 
since the point last passed through its mean position in the positive 
direction. 

We conclude from the above discussion that the three main 
characteristics of S. H. motion are its period, its amplitude and 
its phase embodied in the equation of its displacement 

y=a sin (wt — f>) 


• • • 


... ( 8 ) 


simple iiakmoxic motion 


H S fc!L^ er * , .“ £ a / >art ' c ^ c .' n S - H Vibration.—Consider the 
merential equation for Simple Harmonic motion 

**y 

‘If r ,aSS °. f the I )article e «««ting this motion, the 
equired to maintain the displacement y~rruu 2 ri. The 

work doDe by the force for a small displacement dy is equal to 

F dy = nito'yd y. 

the PowSfw 1M W0 , r n, f °J displacement 3 , which also measures 
me Potential Energy (P) of the particle 

y 

=J mu>'ydy*=\m<x>hf 

0 

Now the velocity of the particle at displacement, is equal to 

dt=di [ “ ein 

=a co cos (cot — <f>) 

The Kinetic Energy (A’)=}m ( d /f 

'at' 

=4»Uu 8 a* CO 8 l (cot~<f>) 

=|mwV[l- sin 2 (cy{— <f,)] 

= imaj 2 a 8 ^ 1—J 

■tlence the total Energy (Jtf)= : p4-* r _i„ ♦ , , , 

ucrgy W-r+K^imtoY+imutia*—v 1 ) 
==|mco s a a =2m7r 2 o , /T 2 ... , ' 

therefore fromMSSria^of f ° rce ia at w °rk and 

rs nr *" &=sz saMur 


14 


A TEXTBOGK OF SOUND 


reference circle ABA'B' on the diameter BB'. Take C as the 
origin, the time being represented along CG while the d 5 splace- 
ment of A from the centre 0 at any instant is given bv the 
corresponding ordinate. Thus at any time i(=Ca) when the 
rotating particle is at P, where '_AOP=Q=wt, the position of 
A on the y-axis is represented by p. where ap=ON. If a series 
of points corresponding to the position of N at various instants 
during one complete period of its vibration are determined in 
this way and joined by a smooth curve, the graph shown in 
Fig. 5 is obtained. It enables us to find the position of the 
particle at any time, for the distances measured aloDg the hori¬ 
zontal line from C are proportional to the time elapsed from the 



Fig. 5. 


moment when the particle was passing through its equilibrium 
position upwards and the ordinate at the point corresponding 

to any given moment shows 
the displacement at that 
moment The curve is a 
Sine Curve. 



saw in 
velocity 
given by 
a cosine 


12. Relation of Velocity 
and Acceleration to Dis¬ 
placement- —We 

Art. 3 that the 
of the particle is 
v—auj cos Q. It is 
curve with amplitude aw. 
It will be displaced a quarter 
of period to the left as 
(c) compared with the displace¬ 
rs- 6 - ment curve, for the velocity 

is maximum when the particle is passing through its mean 
position i.e. y when the displacement is zero and vice versa . In 
the figure ordinates above the time axis denote the velocities 
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upwards and ordinates below the time „i. velocities doj 

equal'* the aCCe,eration ° f particle was shown to be 
i t . . .. —<" 2 !/= — co 2 a sin 6. 

' Alfth*” 1 a«« D g m 1 rdTec«on U ODM°- n ti r t itS amplitude “ 

All these ourves are shown in Fig. 6 PP° slte to y* increasing. 


CHAPTER II 

COMPOSITION OF SIMPLE HARMONIC MOTIONS 

13. A point may be under the influence of two or more simple 
harmonic vibrations at the same time. It will then describe a 
motion which is the resultant of the two or more vibrations as 
the case may be. It does not mean, however, that at any one 
instant the point can be moving with respect to a given frame of 
reference, with more than one velocity or in more than one 
direction. Conventionally we say that the point is executing two 
or more simple harmonic vibrations simultaneously. 

It is understood that Harmonic Motion, like all motions is 
relative. Let us take the case of the reciprocating motion of 
the piston of the engine of a rolling ship which moves to and 
fro in such a way that its distance from the end of the cylinder 
varies harmonically so it is vibrating in simple harmonic 
vibration with respect to the cylinder. But as the ship travels 
on, the movements of the piston with respect to the earth may 
be very complex. 

If then a point P is executing S. H. vibration with respect 
to a point Q, while Q is moving harmonically with respect 
to the earth, the movement of P with respect to the 
earth, is said to be the result-ant of two harmonic motions 
or more concisely P may be said to be executing both 
movements simultaneously. When a point is executing two 
rectilinear simple harmonic vibrations at one time, it3 motion 
need not be either rectilinear or harmonic. If the periods of 
vibrations are incommensurable, it even loses the distinctive 
characteristics of a vibration. We shall discuss the various 
cases in the following sections. 

' 13a Composition of Simple Harmonic motion with 
Uniform motion in a Straight Line- —Let us study the curve 
traced out by a particle which is under the influence of a 
simple Harmonic motion in one line and uniform motion in a 
perpendicular direction. To obtain the resultant curve in the 
laboratory, take a tuning-fork and attach a small wire or a 
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style to one of its prongs. Make the tuning-fork to vibrate by 
bowing across it and hold it in such a position that the end of 
the sty e lightly touches against a smoked glass plate The 
style will trace out on the plate a straight line whose length 



Fig. 7. 

will define the extent of the vibration. If now the fork or the 

plate w drawn umformly in the direction of the length of the 

moli'nrTnf f| ha r l et a 81n f on the plate, the direction of 

S - f ‘ hC for ^ ° r ! e pla . t0 senr,n « “ the “is Of the curve. 

oft^ iT! a ° Dl ' th ° axlR wiU “respond to equal intervals 

viveTt eSm ^ U,6dperpendiou,ttrto the axis will 

give the displacement of the prong from the mean position. 

forJtT of exhibiting the movements of the prongs of a 

k f - d for , 1 ‘° aocurate determination of the frequency of 
tne fork or small time intervals {see Art. 202). ^ 

component vibrations. We shall a 

consider a simple case :_ 

Two Simple Harmonic Vlbra- / x-\ \ 

turns of equal periods and hence of / / ___ \ A 

the. same angular velocity w but of f /A \ \ 

Afferent amplitudes . A I ( Q 1 . 


Geometrical Treatment. _ \ V V^\Vv*l/ / 

Suppose P and Q are the particles \ V , Mv/f / 
revolving round 0 with uniform \ / 

angular velocities, then their pro- N —Sir 

S H°Mn°r D ° B c COrre3 ?°nd to two 

S. H. Motions of equal periods Let B 

and <j> 1 bo the epochs and a a th Fl ?* 8 * * 

* a a i» a 2 the amplitudes of the 
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component vibration?. Since the angular velocities of P and Q 
are the 6ame, the angle POQ will be constant ; and hence if the 
parallelogram OPRQ is completed, the resultant motion of 
the point will be represented by the motion of R since it will 
revolve with the same angular velocity as P or Q. The 
projection of the motion of R on BOB' will be the S. H. Motion 
resulting from the composition of two given motions. As the 
velocities of P, Q and R agree, the period of the resultant is 
the same as that of the component vibrations. 

It is clear from the figure that 

/.POQ=<t> 1 -<f> 2 

and OR 2 =OP 2 +OQ 2 +20P.0Q cos i POQ 

or r 2 =a 2 +a 2 *+2a 1 a 2 cos (^j—<£,). 

The phase angle ROA (=0) of the resultant vibration is 
given by 

tnyi o _ BN' ON OL+LN OL+OM a } sin sin <£, 

ON'~~ON'~0L' +L'N‘'~UL'~+OM' ”aj cos <f> x + a 2 cos 

When there is no difference in epochs, i.e., 

/_POQ= 0, cos 0=1. 

.*. OR 2 = OP 2 -f OQ 2 4- 2 OP.OQ 
or OR=OP+OQ 

i.e.. the amplitude of resultant S. H. M. is equal te the sum 

of the amplitudes of the components. 

When, in addition, OP and OQ are equal, we get a simple 
harmonic motion of double the amplitude. 

When L P0Q=7t, and OP=OQ, OR—OP—OQ, there ie no 
motion and the particle is at rest. 

Analytical Treatment. —Let the component vibrations be 
respectively 

tfi—o-i sin (ml— <£j) ... * ... (1) 

and y 2 =a 2 Bin (cut—(f> 2 ) ... ... (2) 

The difference in phase between them is given by <£ a ). 
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The resultant displacement 

y=Vi+y t =a i sin {cot— ^)+a a sin (cot—<f> 2 ) 

~a 1 [sin oi t cos <£,—cos a>* sin ^j] + a 2 [sin cut cos 

—cos cut Bin </> 2 ] 

=sm cot [a L cos cos &]-cos col [a, sin ^+a 3 sin <f> 2 ] 

Let us choose an angle 0 such that 


and 


( 3 ) 


r cos 6—a , cos <£,-{-a 2 cos <£ 2 “i 
r sin 0=a, sin ^,4-a a sin <j>J 

y—r [sin wt cos 0—cos cut sin 0] 

=r sin (cot—9)... ... ... ( 4 ) 

t resultant vibratbnT^ the amplitllde and the phaBe of the 

(3) which^glve^ 6< ^ Uare and add ^ w0 °° m ponent8 of equation 

f, “*i*+«* , +2a 1 a 2 cos (&— <f> 2 ). 

Also tan fl— q * sip ^1 + °* 4 * 

0 , 008 ^,+ a t 008 <f> 2 

tarmouio^nf *L° n ^ 8 ^°^ s that the resultant motion is simple 
a phase (cot—6) 6&m& penod and * Q 8ame straight line with 

„ Now let us consider some Special Cases 
V tione'are^in the^urniA 1 SDy in , te f a ! multi P le of 2 ”’ the vibra- 

are m the same phase and r*=(“>+<H)* or r=o 1 +a,. 

r»4o , Jati~^ = ’ T ’ theVibr ? tionsareiD opposite phase and 

zero, provided I In ‘ h ! 8 oas ® the amplitude will be 

°i—®a *•£•> the partiole will remain at rest. 


(U.«i. B ?^^r«) 0 -wLL H hJ lo 1 tion, at »** Angle.: 

motione at right aDgleB^to each otbe tW0 81 J” pIe harmonio 
£? d the resultant motion obStorf °° mp0 “ ded 

/ constituents. We shall oZSdaewl® d ® erenoeB of ‘he two 
simplQ cases of the ^ oPowin g sections some 

lions, “position of two rectangular .3. H. vibra- 
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16. Composition cf two Rectangular S. H Vibrations of 
Equal Periods- Graphical. Method : (]) Amplitudea unequal , 
Phase same. Let one 
of the component 
vibrations take place 
parallel to A 8, the 
horizontal diameter of 
the lower reference 
circle and the other || 
to A'B', the vertical 
diameter of the upper 
reference circle. (F'g. 

9). Since the two 
vibrations are in the 
same phase they pass 
their mean position 
simultaneously. Upon 
AB and A'B' draw 
reference circles of 
radii equal to the 
amplitudes a and 6 of the component vibrations and divided 
into equal number of parts, say 8. Each part will be travelled 
in the same time. We are compounding the component of the 
motion of P along AB or XX' and that of P' along A'B' or 
YY'. The positions zero, zero on the respective circles 
coincide with the moan position 0. This would show that the 
two S. II. Motions have no phase difference between them 
initially. From each point 0. 1, 2 etc., on the circle AB draw- 
perpendiculars on XOX'. Similarly, in the case of circle A'B' 
draw perpendiculars from O', 1', 2', on YOY'. At the moment 
of start both the perpendiculars intersect at O, the position 
taken up by the vibrating point. In the positions 1, 1' 
respectively they intersect at A', in the positions 2, 2' at Q 
and so on till after a complete time period, the point O is 
reached again. Thus the positions Q. N , O, L, R , are deter¬ 
mined. By joining these points we get the Lissajous’ figure. 
In this case the resultant path is a straight line QR , the 
diagonal of the rectangle of sides 2a and 26. It is a simple 
harmonic motion of the same time-period and phase, but 
amplitude. _ 



r — v a^-t-6 2 . 






COM POSITION* OF SIMPLE HARMONIC MOTIONS 


21 


If the first vibration were to start from 4 and the 2nd from 
O’ then the path will be the other diagonal Q'R ' shown dotted 
in the figure. 


(2) Amplitudes unequal . Phase tt/2 or Tj4. In this case 
the zero position in the circle A'JB' is kept the same while that 
in the circle AD is shifted forward by tt/2. By drawing per¬ 
pendiculars and proceeding exactly as in the preceding case, 
the locus is found to be an ellipse whose axes are XOX* and 
JOY ' and which is inscribed within the rectangle QQ'RR'. 
The curve will be a circle if the amplitudes are equal. The 
student is expected to 
draw graphically the 
figure for this case. 

(3) If the phase 
difference is 7 t/ 4, we 
have the resultant as 
an oblique ellipse with¬ 
in the same rectangle. 

Fig. 10 illustrates this 
case. Here the nume¬ 
rals in the reference 
circle AB are shifted 
forward by tt/ 4, those 
in A'B' remaining in 
the same position as 
before. 



In 11 af e shown the curves 
phase difference varying from o to 
the method, described above. 


Fig. lo. 

for different values of the 
it. They are obtained by 



As the phase difference inoreases from to • 

Analytical Treatment: 

erctangular vibrations be represented by ' the two 
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flnH x-asmiwt+t) . (l) 

a ° d , . y = bemajt . ( 2 ) 

Wb f r t a ? nd 6aretbeamplitudes of the component vibrations 
and the first vibration is ahead of the second by a phase ancle A. 

lo obtain the equation of the locus i.e., the path of the 
resultant vibration, we eliminate t between them. 

Now, x=a 6in {cut + 

or —=sin M+<£) 

=sin cut cos ^ + cos cut sin <f> ...(la) 

.'. COS Cut = 


a 


From (2) sin cos cut = / y/ \— y -- 

Putting the value of sin cut and cos cut in equation (la) we get 


x 

a 


V cos 
b 


V 


or 


Squaring 


a ~'l C0S +-/J ' ~fi Bin * 


or 


or 


( 3 ) 


yl 4.2 ft _ 2 

£5+gi C08 V“-J cos <£=sin 2 sin 3 <f> 

a'a + fa ( cob2 ^+BinV) —^ cos 
x 2 y 2 2a:// 

a 3+ r*-^6 cos ^ =8 '' nl ^ ,. 

which is the equation of an ellipse inclined to the axes of co-or¬ 
dinates. This ellipse may be inscribed in a rectangle whose 
sides are 2a and 26. 

Particular cases :— 

(») When <£=0, the equation (3) becomes 
x 2 y 2 2 xy /X y x 2 ^ 

or (a-S~) =°> 

which represents a pair of coincident straight lines lying in 
the first and third quadrants represented by the diagonal shown 
in curve No. 1, Fig. 11 . p 

It corresponds to the diagonal QOR of Fig. 9. 

(ul When ^=-w/4,^- t +p —=J, which is an oblique 
ellipse (Fig. 11, curve No. 2). 
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2 2 

(in) When <£=7r/2, we have ^ = 1, which is the ©qua- 

tion of the symmetrical ellipse shown in Fig. 11, curve No. 3. 
If a =6, this becomes circle x l -\-y 2 =a}. 

(»») When (j+|-) =0, representing the diagonal 
shown in Fig. 11, curve No. 6. 

17. Composition of two Rectangular S. H Vibration, of 
iune Period, nearly Equal —When the two S. H. Vibrations 
are exactly of equal time-periods the elliptic paths referred to 
above remain perfectly steady. If, however, there is a slight 
difference in their time-periods, the form of the ellipse slowly 

* ? a ? g t ° D acoount of a gradual change in the re^ 
lative phase <j> of the two components. All these elliptio orbits 

of I i m i a r°r gle 0f sides 2a and 26 ' Let UB the effect 
a gradual change in <f>. Starting with the phase in agree¬ 
ment i.e., the ellipse coincides with the diagonal — -JL —q 

of the rectangle. As <f, increases from 0 to tt/ 2, ^he^llipse 
opens out to the form^+^l, p aBsing through intermediate 

oblique positions. It closes up again ultimately coinciding 
with the other diagonal ^+£-=0, as increases from w/2 to 
*■ Ae the phase difference varies from to 2rr 

pl Th 9 e rs o%a 

It may he ^ 

equal to the difference of the frequencies of the two te ° y ° ,e 18 
simple harmonic motions. 4 °* the two com P°nent 

Peril s ' H Vibration.of 

Here^re af) a p L proceed*in the P^- 

Bat as the peri^Tof one of^he “ “ for et l ual P^ods. 

a. ssr/rwa ■rd-s 
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double describes two 
journeys. Divide the 
reference circle A'B' 
into 8 equal parts and 
the circle AB into 4 
equal parts and put 
numerals as indicated 
in Fig. J2. Both the 
vibrations start from 
their central positions 
simultaneously i. t., 
they are in like phase. ! 
As before to get the 
position of the vibrat- I 

ing point draw perpen- I 

diculars on XOX' and 
yOY' from the corres- 




3 




4 / A 1 




vrf -l- -LY— - 


Y' 


1 2 



&Q 


iA 


Fig. 12. 




&. 


ponding points on the circles of reference and determine the l 

points of intersections I, II, III etc. Bv joining these points 
we obtain the resultant curve. This is a figure of 8. 1 

(2) Fig. 13 illustrates the case for an initial* phase difference 

corresponding to a quarter 
of the smaller period, the 
zero of circle AB has been 
shifted to 1, while that 
in the circle A'B' it is in 
the same position. On 
proceeding as above we 
find that the resultant 
path is a parabola. 

The student is expec¬ 
ted to draw graphically 
figures for different initial 
phases. These figures for 
initial phases varying from 
0 tojn of the smaller time 
period, are'shown^below' 




1 

§ 


“j 


__ 

, fn 


y. ' 

— L\J 


Si 

6i£T 

0-A 

6 

6 

M 


Fig. 13. 


•It should bo noted that, bore, since tho periods aro quite different 
the phase ie not constant though the particles may start in the same 
pUnsn, they immediately come into phases differing from each other honco 
tho tci m‘initial phase diflorence, 



COBIPOSITION OF SIMPLE HARMONIC MOTIONS 


25 


in Fig. 14 (a). If the ratio of time-periods is not exactly 1 ; 2 
the curve will change gradually forwards and backwards through 
the series of Fig. 14 (a). ° 



Fig. 14. 

Analytical Method. (Periods 1:2):— 

The component vibrations aro represented by 
, x=a sin ( 2 wl 4 <£) ... 

and ^ y-bsmlt Z ~ J 

(*) First mfcroduce phase difference ^= 0 ,'in ( 1 ) so we set 

*=« sin 2 a ,<+2 a sin a/cos cut. * 8 

X 

01 —=2 sin cut cos cut 


Putting sin ojt = and cos cut 


we have 


H f V 


V 1 - 4T from (2). 


or £_. i£( , \ 

which represents a figure of 8 . 

(*0 It <f>~n/2, wo get 

8in ( 2 “* + f ) from (1) 
=cos 2 w* 

= 1—2 sin* wt 

or £.-i %* p 

« • 6* . . [ v 


(3) 


sin . 
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or 

b z a a 

b * 

y*=~ 2^(*-a) 

representing the equation of a parabola with vertex at (a, 0). 
A more general treatment of this case is given in the following 
section. 

19. A general Analytical Treatment of the Composition 
of two Rectangular S- H. Vibrations of periods in the ratio of 

1 : 2 .— 

The component vibrations are repres;nted by 

x — a sin (2wf-j-<?) ... ... (1) 

and y=b sin wt ... ... ... (2) 

To obtain the equation of the locus, eliminate t between (1) 
and (2) 


—=sin (2 tut-\-<f>) 

=sin 2o)l cos <£*bcos 2 tut sin <f> 

e=2 sin wt cos tut cos <£-}-(l — 2 sin* wt) sin <f>.. 


.(la) 


From (2) sin wt—-- and cos wt = 


-V‘-£ 


Putting these values in equation (la), we have 

1 - i "• •* 

Squaring both sides, we get 

K- 

[(*— ein 4> )+ % sin *]*= -j£ 008> 4,- cos’ 4. 


(t - ™ + % Bm 9 (f _sin 9 )+w 8in2 9 


4V 4 . 
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4v 2 , 

= ^-cos s 9 


4y* 

-jr 0032 9 

V.. 4)f 




4y* . 4y4 

= 12 008 * 9 —-^ 008*9 


Transposing we get 

(JL_ sin 9 y + iy 


4w* a; 

X — sin 9 
a r 


or 


or 


- ^ (sin* 9 4 " 006* 9 ) ~ ^ (sin* 9 + 003 * 9 ) 

<t-w)‘+£**-£-£ 

("a _8m * ) + ^(Jr+~8in ^-l)=o 


• (3) 

»“i te 1 LX 5 £ 5 .‘ ■“*« - "»» *» 

Particulars cases 

(*) When 94 = 0 , or w, the equation (3) becomes 

«* + 6* (6* 1 )=° ... . (4) 

tbs same as equation ,3, of the iast section representing the 

(«) When ^=sw/2, we obtain 

<T-)'+£(£+i-.),. 

r/jL _1 \ 1 v*] 1 

L\ a ;+ jrJ =0, representing two coincident para- 


or 


or 


Mss each of which has an equation (-E-_ j \ , 2 ji» 

• 'a ' n *6* =° 
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If the time-periods depart, shghtly from the ratio I : 2, the 
form of the curve slowly varies in the manner indicated by the 
changes of <f> in equation (3) above. Typical curves of this 
character have already been shown in Fig. 14 (a). 


20.. Composition of two Rectangular 3. H- Vibrations 
of periods in any Commensurable ratios.—The graphical and 
analytical methods explained above are general and applicable 
to rectangular vibrations in any commensurable ratios like 
m : n reduced to lowest terms. The period of description of 
the resultant curve will be rare, the L. C. M. of the separate 
periods because when one attains its extreme value n times aod 
the other m times the origin or the position of the starting 
point is reached. The series of curves in Fig. 14 ( b ) shows the 
forms for time-periods in the ratio 2 : 3 and phases varying 
from 0 to 7r. 

When the two periods are incommensurable, we cannot 
represent them by two integral numbers. The part : cle execu¬ 
ting the resultant vibration will never come back to the starting 
point but will go on describing an endless curve. 

21. Experimental Methods of obtaining Lissajous' 
Figures.— 

(1) Optical Method — A and B are two tuning forks whose 
vibrations may be maintained 
electrically. Each fork bus a 
small mirror attached to the 
side of a prong. They are 
arranged so that A is vertical 
and B horizontal. A beam 
of light from a small powerful 
source, say, a circular hole 
illuminated by an arc lamp, 
strikes the mirror of the 
vertical fork, is reflected to 
the mirror of the horizontal 
fork and thence brought to 
focus on a screen S by means 
of the lens L. Then if the 



Fig. 15. 
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horizontal fork vibrates, a horizontal bright line bb' is traced 
on the screen and if the vertical fork vibrates only, a vertical 
bright line aa' is obtained. Both these motions represent two 
S'. H. Vibrations at right angles to each other. When both the 
forks vibrate together the vibrations of the spot of light are 
compounded. The spot will describe the locus of the resultant 
motion. If the ratio of their periods is a simple one, Lissajous’ 
figures will be seen on the screen. A better arrangement is to 
observe them through a telescope. This enables us to use 
a small source of light and obtain sharper images. The 
method is usually used for comparing the frequencies of two 
forks. If the ratio of frequencies is 2 : I, a figure of 8 may be 
obtained. It will gradually pass through the various phases 
already discussed if the ratio between the frequencies is 
approximatt ly 2. 



(2) Helmholtz’s Vibration Microscope.—The instrument 

was originally designed by Helmholtz to study 
the vibrations of a violin string. It consists of a 
horizontal tuning fork B generally electrically 
maintained of known frequency with a lensL fixed 
to one of its prongs and having its axis perpendi¬ 
cular to the plane of vibration. The lens serves 
as an objective to a microscope, the upper part 
of which is held separately by a vertical stand. 
Another- tuning foik of unknown frequency, 
is held vertically such that its vibrations are at 
right angles to that of B. A dot. D is marked on 
the top of one prong of the fork A and is kept 

„ , .. 4 . bo l°7 tbe miorosoope. When both the forks vib¬ 

rate, the motion of the dot is the resultant of the rectangular S H 

IinXTh'r, f the r £ tl ° be t t "® en , tte frequencies is expressible by 

CT l h e D .? m c erS ’ 3 \ ftbIe Ll6Ba i 0UB ’ fibres may be obser- 
ved, othe^’se the figure changes too rapidly to be recognized. If 

re 8 X 10 If the e i a? 7 6qUa ’ ?" y - 0n9 ° f CUrves in Fi B- "• may 

EX a j P . 10dB Dot c l mte equal then all the possible 

forms dependent on phase difference are successively seen 

while one motion gains a period over the other. The imrnri’ 
Art. 22. h6 freqnenole3 of the forkB made as explainSTin 

For further use of the Vibration Microscope see Art, 64 (a) 


Fig. 16. 
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(3) Wheatstone’s Kaleidopbone. —Consider a rod of reot- 
aDgular section fixed at one end : n the jaws of a vice. This 
shall have different periods of vibration in two directions at 
right angles to each other. On drawing aside the free end 
obliquely to the plane of the jaws i.e., in a direction not parallel 
to either of the sides of the rectangular rod, both the vibrations 
will be executed simultaneously, and if a small 
bright bead is placed at the top, it will describe 
one of the Lissajous’ figures. 

A simple device is the Kaleidophone. Two thin 
strips of steel are joined end to end, their planes 
being at right angles to each other. Or we 
may simply take a straight strip AB of steel 5 to 
b" in length, heat a small portion near the middle 
point to redness in a blow pipe flame and twist 
it w hile in the flame, so that the planes of the 
two halves are mutually at right angles (Fig. 17). 

The lower end is fixed in the jaws of a vice. If 
the other end B is vibrated paralltl to the plane 
of the jawa . the lower half will remain straigth 
and the time period will depend upon the leDgth 
and stiffness of the upper half. In case the end B 
is displaced at right angles to the jaws, the upper 
half w ill remain straight and the lower half will 
vibrate, the time-period depending upon the 
length and stiffness of the lower half. By clamp¬ 
ing the lower half at different places, the two vibrations may 
be made to have any desired frequency ratio. As before if a 
bright silver bead is fixed at the top, and the rod is displaced 
obliquely to the plane of the jaws of the vice, Lissajous’ 
figures will be described by the bead their shape depending 
upon the frequency ratio already adjusted. On account of 
persistence of the visual impressions, the bright bead will seem 
to trace out a continuous curve. 

For observing the tracks in the methods described above 
we make use of that property of the eye known as persistence of 
vision , viz., that any impression produced on the retina lasts for 
about to second, so the vibrations should be rapid. We 
give below two devices whereby we can have a permanent trace 
and the vibrations may be slow. 
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(4) Blackburn’s Pendulum.—A laboratory form of the 
apparatus consists of a weight B suspended by three strings 
meeting at E where it is supported by another string PADEDC. 
This second string passes tbrc ugh holes at p 

A and C in a wooden bar AC fixed at the 
top of a framework and is attached at the A 
top to a screw plug p which regulates its 
length below AC. By adjusting the posi¬ 
tion of a ring at D the length DM can 
also be altered at will. The system is 
equivalent to two pendulums with lengths 
BM and DM. If it is displaced in the 
plane of the paper it will vibrate as a 
pendulum of length DM. If displaced at 
right angles, the length of the pendulum 1 
considered is BM. Let DM=l x and BM 

—V ^ en tbe time-periods of the com¬ 
ponent vibrations are 



Fig. 18. 


/\J is and 2 tt a / l ±. % 

Dividing one by the other, we have 

Fig 18 

:£r a -‘ star as ss 

^S* v >ng us a figure of 8. The resultant 

sw* t 

device tos'how itio^o^e^e' 3 ) ‘ 8 \ Very interesting 

represent two pendoinms 
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right angles to each other (Fig. 19) A and B are two levers 
joined together at J by a flexible joint with a pen P attached 
to the joint. The other ends of the levers are hinged at the top 
of each of the pendulums which slightly extend above the points 
of supports. Either pendulum swinging without the other 
would give the pen a very nearly harmonic rectilinear motion. 

When both the pendulums are swinging 
together the motion of the pen will bo 
compounded of the two motions and the 
pen traces a series of Lissajous’ figures. 

In all these methods it is rather 
difficult to adjust the periods of vibra¬ 
tion quite exactly to any simple ratio, 
so the curve described always changes 
slowly. In addition, on account of 
friction and damping the amplitudes of 
the constituent vibrations decrease 
gradually, so that interlacing of the 
curves occurs and very beautiful patterns 

rre produced. 

22. Use 3 of Lissajous’ Figures in Acoustical determina¬ 



tions.— 

(1) Measurement of the ratio between the time-periods of the, 
component vibrations - One practical application of Lissajous’ 
curves is that they enable us to find by inspection the vibration 
raiio of its constituents. For instance in the fust curve of 
Fig 14 (6), the curve touches the horizontal side of the 
bounding rectangle twice aud the veitioal side three times. 
It follows that the vibrating point makes three vibrations in 
the horizontal direction in the time it takes to make two m the 
vertical direction or the ratio of periods is 2 : 3. The same 
result oDuld bo obtained by drawing hcraontal and vertical 
lines across the Lissajous’ curves. In the above case the 
horizontal line cuts the curves 4 times and the vertical line 
6 times, the ratio of periods is 4 : 6 or 2 : o. In general if 
these lines out a curve, say m and n times respectively, the 


required ratio is m *. n. 

(2) Comparison of the frequencies of two forks which are 
nearly in unison with each other .—Let *ho upper fork in the 
optical method of obtaining Lissajout’ figures have a frequency 
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fork and fc i ! sa > n n + i - wh ^ » '« the frequency of the lower 
Jui b : 8 f ™" n f,aot ion. The sharpness of the upper fork 

Znl ofthe ft a small piece of the wax to a 

are stowed , furk ' and . notl °g ‘he changes in the figures which 
done this sun ,hat u tb »“PP« fork is sharp. Having 

0btai D ed\ifr L !? ln,ng th 1 L >^ajous’ figures, the curve 
will be fmmH pproxunatelv an ellipse but soon one fork 

gradulllv th. Kam °uf r the other - ^e phase changing 

sh^n ta Ki* , .T^ 11 pa8s a series of change! 

the phases B r N °- 1 *° 5 " nd ba( * a g ai " to No. 1, when 

rcpated If f 7°'°' Th,s °y° le of cban S™ will be 

_ If { secouds te ‘he time for this cyclic change, then 

-1 or 6= Hence the upper fork is of frequency n+ i 

b *°f frequency 100 and ‘let 

o7t£ b Ce?fo7l " fZ ? i° * eamd ° 

J 1 wp P er f or,: ls greater by & of a vibration. 

6= 1= l . 
t 60 

n +h=100+ ^=100+ 02=10002. 

^}n^encies T Z '“" 7 ^ \ and R °l approximately 
ctcondsOn 7iaM„ through » -W* of changes in 15 

‘he cycle in lO^tamds ^Yf R i!!** *7* tU ^ gUTes »° trough 
the frequency of Aafl^Z^gT^ ° f *°°’ "**" 

B in ^'seconds ‘Sf/S? A gain % or A ,08es one vibration over 
b y A of a vibration eq “ enCy ° f A iSgroat€r °‘ ><* a ‘han B 

A b Bi -f s 
~ 200 ± 

Now « = 200,066 or 199 ’934 

changes in thf T ? att . ei18 * he fork A and since it makes the 

K 583 S 45 ttsjv 

i , j 
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v3) Comparison of the frequencies of two forks which are very 
nearly an octave apart .— 

For a nearly octave interval Lissajous’ figure varies from a 
figure of 8 to a parabola and vice versa. In this case the time t 
in which the upper fork executes one vibration more or less than 
double the number made by the lower, is the time taken to 
complete the cycle of changes once i.e , the figure changes from 
a parabola with its vertex in one direction, through a figure of 
8 , to a parabola with its vertex in the opposite direction and 


back again. As before fe= 



The upper fork has frequency 2n±b. 


Example 1. Let the frequency of the lower fork be 100. 
Suppose the cycle of changes is found to be completed 5 times 
in 20 seconds, i.e., lime to complete one cycle of changes is 4 
seconds. Thus the upper fork will execute I vibration more or 
less than double of the lower in 4 seconds i.e., its frequency is 
greater or less than double of the lower by \ of a vibration. 



The upper fork has frequency — 2n±b 

=200±i 

=200-25 or 199 75. 

\Ye can find whether we are to take the higher or lower 
number by sticking a very small piece of wax on the upper 
fork. This flattens the fork and if it makes the chaDges in the 
Lissajous’ figures slower the fork is too sharp and vice versa. 

Example 2. Liesajous figures are produced with two 
tuning forks whose frequencies are approximately in the ratio 
2 1 It takes 6 seconds to go through a cycle of changes. 

On loading slightly the fork of the higher pitch, the period of 
cycle is raised to 10 seconds. If the frequencies of the lower 
fork is 150, what is the frequency of the other fork before and 

after loading . 

The upper tuning fork executes 1 vibration more or less than 
double,!of the lower in 6 seconds i.e., its frequency is greater or 
less than double of the lower by J of a vibration. 

Since the frequency of the lower fork is loO, that of the 
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upper fork 

=2x150-4-! 

= 300±! 

=300-166 or 299 934 

Since on loading the upper fork the changes in the Lissajous 
figures are slowed down, the upper fork must be flatter viz. its 
frequency before loading is 300! and after loading 300,. 

, purpose the fork whose frequency is required 

should be taken, as it is. No mirror should really be attached 
to it for that would change its frequency. Hence instead of 
the optical me-bod, Helmholtz’s Vibration Microscope should 
e used.- The fork whose frequency is to be determined is 
placed vertically, below the microscopic objective. 

t W n T f C {' t8aa j° U8 ’ F x Wre8 are specially made use of in tuning 

tfHm f0rk * S ac ° u ^ ate, y 8ome consonant interval, for even 
if the interval is so nearly accurate that the figure has not 

aKith* 1 ^ JCle ° f changes be f° re the vibrations stop 
n , T ther ' ? V®* 8 / 10 ^ udge whether the change is taking 
t t e n ? r Tb * ^rk can be made quicker by filing it neaf 

UaeaW fianrl Pr ° Dg8 ° r * 1 °™ by fiHng ifc at the be * d tiU a 
is obtained co ™*PondiDg to the required vibration ratio 


CHAPTER III 

WAVE MOTION : TRANSVERSE AND LONGITUDINAL 

^ 23. Wave Motion .—The concept of wave motion is very 

fundamental in physics. It is one of the most important 
methods of transfer of energy. We now know that it is chiefly 
with its help that not only sound energy hut various other 
forms of energy are transmitted from one place to another, 
for instance light, heat, wireless. X-radiation and y-radiation. 
We shall begin by explaining how waves are produced in a 
medium. 

In Chapter I we discussed «beS. H. Motion of a single 
isolated particle or a point in a body in the hope that it might 
lead to a useful method of describing wave motions. Q^ot us 
now consider a number of points in an elastic medium so that 
one of them cannot move without disturbing its neighbours. 
Thus a displacement of any paiticle will produce a disturbance 
which is handed on from particle to partiole till all of them 
have suffered greater or less displacements. This disturbance 
is termed Wave Motion. It is then caused by the simultaneous 
periodic motions of a series of particles of an elastic 
medium but in which phase differs regularly from one particle 
to the next. . It may be noted that if energy is to be trans¬ 
mitted through any medium by means of waves, that medium 
must satisfy three independent conditions which may be stated 
thus: 

(1) The medium must possess 'Elasticity' i.e ., there must 
be a tendency for the medium to return to its original condition 
after being disturbed. 

(2) The medium must be capable of storing up energy i.e., 
it must have the property of 'Inertia'. 

(3) The frictional resistance must not be so great as to 
damp the oscillatory movement. In our present discussion 
we shall assume that such resistance is negligible. 

There are two distinct types of wave motions with which 
we are mainly concerned in the study of sound : (i) Transverse 
wave in which each particle of the medium executes simple 
harmonic motion about its mean position of rest in a direction 
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at right angles to the direction in which the wave advances ■ 
for instance ripples on the surface of water, vibrations in 
b rings etc. ; (t») Longitudinal wave in which each particle of 
the medium executes S. H. Motion about its mean 

and ther^eLiag e n h :nd 8P thos S a set^Ttf by the 
vibrations of a 6onorous body. F y tne 

an? ™atTon g o f f W thT tiOQ8 ' ihaU deal with the formation 

longitudinal wave motioD^ whTch^lr^^haraoteris^b 6 H? 1 
continuous transference in the same dirtriinn t ^,.^7 
altered relative position ofadiZJZTiLi* ° f 

such at^pe Of wave motion is calied Pro^essive Und^tion. 

formation'an^proimgt^ion^f'a transverse M,ve ^ 

a series of particles arranged in a row AB and con'd' S * c °™"f er 

one another when they arf at rest Sunnose alltl T 
execute S. H. Motions suppose all these particles 

of equal amplitudes . 

a nd time—periods *—•—*—— *■ —S—^- l Z 

along linos at right 
angles to AB but in 
which the successive 
phases differ by n/Q or 
^712, t.e., eaoh parti* 
ole is affected T/12 
seconds later than its 
predecessor, T being 
the periodic time of 
vibration. The var¬ 
ious stages in the 
formation of the wave 
rorm are shown in 
-kig- 20, eaoh stage 

corresponding to an 

increase of time TI 12 
q artm g with time 



Fig. 20. 
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f=0. To clearly picture how the wave form progresses, 
motion of all these particles at any subsequent time may be 
represented by those of 12 particles moving at equal distances 
round a reference circle in the anti-clockwise direction, the 
radius of the circle beiDg equal to the common amplitude of 
the vibrations. The displacement of any particle for a 
particular instant is given by the ordinate of the corresponding 
particle in the circle [Fig. 21 (o)], hence the curve drawn 
through the positions of the particles at any instant will be a 
harmonic curve. This is shown by the continuous curve of 
Fig. 21 ( b ). From this it is clear that particles Mo. 1 and 13 
are in the same phase of disturbance and so are particles 
No. 2 and 14 and so on. As their phases differ by a whole 
period, they will have the same displacement and will be 
moving in the same direction. In Fig. 21 ( b ) the dotted curves 
indicate the positions of the particles at two successive intervals 



Fig. 21. 

of 7712 each, starting from the position shown in thick line. 
It will be noticed that both the dotted curves may be obtained 
from the first by displacing it towards the right and hence as 
the motion goes on, the curve connecting the particles appears 
to move steadily towards the right. These curves are called 
waveform curves. They are similar to the displacement 
curves already discussed but remember that whereas the 
displacement curve represents the position of one particle at 
different times in its motion, the abscissae representing the 
time, the present curves are really instantaneous pictures 
repre.-enting the positions of all the disturbed particles at 
one particular instant, the abscissae being the distances of 
the mean positions of the particles measured from some fixed 
point. 
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saccession of these waveform curves produces the 
effect of a wave motion. The student is familiar with this type 

SrsC , T7 r ‘ PP ^ Pr0dUCe 1 d ° D the SUrfaCe of water 

the surface f dr °F Ped m a P° nd ' As s °°° “ the stone strikes 
the surface of water, it causes a depression water tries to 

S!rri P0Si: “ (d r *° elasti?oit y> and consequently 
acuuhed ft 1 depression, but on account of the momentum 

sToH follnweH u 48 “f 6 “ ark With the resu| t that a depres- 
sion is followed by an elevation which is again followed bv a 

move up and do™ "" ^ 18 tbat al,1 ™'gh the particles 

;;:r i£-f 
si^ewS 33 'r*i 'v* ££ 

wa disturbance which is ca u *ed"te t iK? 0tl0 r J ?* y ^ regftrded 
t-%^ 

“ d tr^elastic constants of'the mS” 8 " p, ° Cne ““ 

und^’rbeT^n t? g the ha ii a :?d th e e T* int ° ““ 

itself becomes, in effect tho L. ’ ^ P. ortlon °f fche wave 
passed on to the portion of the * dlBturba “c 6 which is 
as the original disturbance caused^!^"? “ ltS fr ° J Et exaotl y 
by the first wave. This seems ^ Z . • ^ pa8sed outward 
nature of tho wave motion. P am the sel f propagating 

motbn ir^g P n^er^ 8 Md^Thoae'of tnmsvcrs 11 ^ Pr0pertieS ° f 
can be hiutifully illustrated ^“0 7T 

C“S Ttrr ■* <>», 

To avoid reflection andconaaquent mteSerenoe wltTTTJTTTTT? 
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levelling screws. It is partly filled with water and levelled on 
a table with a hole 
underneath lor 
illuminating it by a 
strong source of 
light at the bottom. 

The light projected 
vertically through 
the water is recei¬ 
ved on an inclined 
mirror which re 
fleets it horizontal¬ 
ly on the screen. If 
now a rod is made 
to dip smartly in 
the surface of water, 
ripples will be caused travelling outwards to the boundary of 
the vessel in circular form and their shadows obtained on the 
screen. On placing a few small pieces of cork on the surface 
of water, they will be seen to rise and faM and not propagate 
outwards with the wave motion. 

To produce ripples constantly an electrically maintained 
tuning-fork of low frequency is used. A prong of this fork 
carries a light frame-work to which is attached a wire dipping 
in the water in the tank. When the tuuing-fork vibratts 
circular ripples are produced. If two wires are attached to the 
frame-work, two simultaneous systems of circular waves are 
set up and interference elfects may be conveniently studied and 
photographed. To generate plane waves, a flat wooden strip 
with a sharp edge and of moderate length is attached across the 
two wires so that its edge just dips in the surface of water. In 
another form of the apparatus by R. W. Pohl the device for 
producing ripples is a vibrating iever operated by an eccentric 
fixed to the shaft of a motor. The lever is arranged to have 
a large amplitude and low frequency. 

For circular waves a metal rod with a tapering end is 
attached to the end of the lever and for plane waves the metal 
rod is replaced by a wooden strip as before. On the screen 
circular waves would appear as bright concentric eircles while 



CUCrff/C 

mjtc* 


Fig. VI. (ltipplo Tank) 
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the plane waves appear as a series of illuminated parallel lines. 



Fig. 23. Transverse Wave Machine. 


=5gH;*£3=t-= 

SMSHP? 5SS3 

a shaft whi<rr n be turned h? ft**!**#™ fitted to 
handle each ball nerforms an ^ a handle. On turning the 

path whoreas the'waves LZf n *d ^ ^ a V " tical 
positions of these balls annLr t^ d bj i the lnstanta neous 
model horizontally. PP to pa8S alon 8 the top of the 

Transverse Waves in a Stride 

may bo conveniently demonstratpH y Dg ‘ * railsver *© waves 

■* *• »?Asaaa-s 



Fig. 24. 

end t0 ah “kBina wall. Stretch the cord eo that AB 







42 


A TEXTBOOK OF SOUND 


is horizontal. When the hand is moved up and down rapidly 
a Dumber of loops consisting of crests and troughs travel aloDg 
the cord as indicated in Fig. 24 (6). Each element of the 
string executes the same motion as the end A but the relative 
phases are different for the phase of any given particle in the 
string depends upon its distance from the end A and the 
velocity with which the wave propagates. 

Fig. -5 shows what may be an instantaneous picture of it. 
Each element of the 
rope is moving up and 
down with the same 
frequency. At a, e and 
i. the particles have 
reached their crests 
while those at c and g 
have reached their troughs. At points lying between a and c, 
the particles have various displacements but all are moving 
upwards and those between c and e are moving downwards and 
soon. Looking at this figure and thinking of these motions, 
one can see that in a short time particles at a will have moved 
downward and those at b will have moved up and formed a 
crest with the result that a crest will have moved towards the 
right. In the same time c has moved up and d down so that 
the trough also moved towards the right. Thus by a transverse 
vibratory motion of the cord the crests and troughs travel 
towards the right. Note there is no motion of the cord towards 
the right. It is an important fact in a w’ave motion that the 
medium is not carried along with the wave but there is always 
a transfer of an energy in the direction of the wave. The 
forces and motions of the particles are always in such direction 
that each particle is doing work on the particle in front of it. 

Referring to Fig. 25 again it will be seen that the segment of 
the cord at ‘e’ is pulling upon */’ in the direction '/’ is moving, 
hence it is doing work on the element'/’. The segment at‘e’ 
also exerts a force on ‘ d ’ but ‘ d ’ is not moving in the direction 
of the force and hence does not receive energy from ‘e\ 
Energy is transmitted only in the forward direction. We shall 
study more about these waves in Chapter IV. 

Other illustrations of transverse vibrations are the vibrations 
of the prongs of a fork, vibrations in reeds, etc. 
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18. Longitudinal Wave. —As said above in this type of 
wave motion particles of a medium travel backwards and for¬ 
wards in the line in which the wave travels : the particles 
periodically approach or recede from one another forming alter¬ 
nate compressions and rarefactions in the body. Here also as 


P 



C D E F 


Fig. 25 (a). 


in the transverse wave the vibrating particles move through a 
small distance about their mean positions but the energy is 
carried forwards in the medium. To get a general idea of 
longitudinal vibrations of air particles, imagine a hollow 
cylinder AB closed at one end and fitted at the other end 
with an airtight piston P which can easily move to 
and fro within it. If the piston is rapidly moved towards 
toe nght, a thin layer of air CD close to the piston is 
suddenly compressed. In relieving its strain it will move 
torwarde to the right compressing the next layer DE and 
eoon a pulse of compression will travel onwards in the medium 

?^ t J“ a ! Rine th , at - the pisk)n is rapidl y moved Awards 
the left. The layer of air CD will then be rarefied and its 

pressure m\[ fall. Air will flow in from DE to restore the 
h!Z™V f l C2) aD f d D ? WiU be rarefied and the same will 
travel to wa rtTs^t h c rfht. ^ & PU ' S6 ° f wil1 

If the piston is rapidly moved to and fro, a train of waves 

consisting of alternate condensations and rarefaotions will travel 

, th f °?‘ mder ' fbe particles of air vibrating to and fro 

ennHe 6 ' r lt8 f 11 is for thls reason that waves of 

“ui and r rarefact, on are called • Longitudinal waves’ to' 
distinguish them from waves described earlier in the chanter 

Where the individual particles vibrate in l^e transverse ^ die 
direction in which the waves travel transverse to the 
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Besides the distinction already made out between Hongitudi- 
nal and transverse waves, it may be noted that in longitudinal 
progressive wave, the condition transferred is always one of 
altered relative distance between successive particles whereas in 
transverse progressive wave the condition transmitted is an 
altered relative direction, ie., slope and not condensation 
or rarefaction. In both cases the altered relative position exists 
when the particles are moving and when the particles come to 
rest they arc in their original positions relative to neighbouring 
particles though not in space. In both cases the velocities with 
which the particles at different points are moving are propor¬ 
tional to the difference between their actual and their ordinary 
relative positions 

The longitudinal waves are of great importance in the 
theory of Sound as they are the only type of waves possible 
in air, the medium by which the sound waves are generally con¬ 
veyed from the place of their origin to the listener. Transverse 
waves are not at all propagated in a medium like air for there 
is no cohesion between the particles of a gas and therefore 
elastic forces responsible for transverse vibratory motion arising 
on account of shear (i.e., change in shape strain) cannot be 
brought into play. The only type of strain that gives rise to 
elastic forces in a gas is the volumetric strain and therefore only 
compressional waves i.e., waves involving compressions and 
rarefactions of the parts of the medium can be propagated in 
air. Tho sound waves though of much longer wavelengths 
are invisible like light waves and hence cannot be seen as wo 
see transverse waves in a vibrating string or ripples on the 
surface of water. They, however, give rise to certain pheno¬ 
mena which can be easily demonstrated (Chapter IV). Wo 
shall for the present illustrate them by a mechanical analogy. 

29. Mechanical Analogy.—Consider a number of spherical 
balls resting in a frictionless V-shaped groove and connected 
by springs, Fig. 26 (a) If the first ball is moved towards 
the second, the spring between the two is compressed and the 
latter therefore will begin to move. But the motion of the 
second ball will start only after the first ball has approached 
it ; for if the two moved exactly together there will be no com¬ 
pression of the spring between them and consequently no force 
exerted on the second ball to move it. As the second ball 
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moves forward, there is the compression of the second spring. 
In recovering its shape it compresses the third ball and so on 
along the entire row, the balls being set in motion, one 

(CL) 

tfy WvA 


Fig. 26. 

after the other, as the wave of compression reaches spring after 
spring. Now if the first ball is drawn away from the second, 
the spring connecting the first and the second is stretched. In 
recoverng it oiuee? the motion of the second ball towards the 
left, the second spring is stretched thereby, the motion is there¬ 
fore communicated through the whole row of balls as a wave 
accompanied by stretching or expansion of springs. If now 
the end ball is made to oscillate regularly backwards and for¬ 
wards, a series of waves will be sent along the row of balls con¬ 
sisting of compressions and rarefactions as shown in Fig. 26 (d) 
Note that each ball in turn will oscillate as the preceding one, 
but there is a regular phase difference, each ball lagging behind 
its predecessor. This is precisely the kind of motion which 
is set up in air by a rapidly vibrating body like a tuning fork 
or a bell, and which excites in our ears the sensation of 6ound, 

Suoh compressional waves produced in air are called sound 
waves^ 

\>uh Formation of Longitudinal Wave.— Just as in the 
case of a transverse wave discussed in Art. 24, let us consider 
a series of particles arranged in a row AB and equidistant from 
one another when they are at rest. Suppose all the particles 

executes H. Motions of equal amplitudes and time-periods to 
and fro like the layers of air in the cylindrical tube of Fig. 

7? (< V° th ft <* ch particle is affected Tj 12 seconds later 
than its predecessor. Fig. 27 shows 12 stages separated by 

inthe formatio * ana the course 

oftheTartfZ T e \? 6lMt Micatin g the positions 

ot the particles after the complete time period. To clearly 
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understand the details of motions of particles or layers in a 
sound wave let us proceed as below :— 


A 2 3 4 $678 9 tO U U B 



T » • » ----•-- * --» ♦ ♦— 

C R C 

Fig. 27. 

In the row AB (Fig. 28) thirteen particles are shown in 
tbeir undisplaced positions each a9 a small dot at the centre of 



CONDENSATION *AR£rACTlOH CONDENSATION 



Fie. 28. 


a short straight line which represents the path in which it 
oscillates. When a sound wave is passing over these particles, 
each will execute a S. H. Motion in the line AB, the 
period and amplitude being the same for all, but the phase of 
each particle is T/12 second behind that of the preceding one. 
Suppose the particle No. 1 is passing through its mean position 
from left to right at the instant we are considering then the 
particle No. 2 will also be moving from left to right but will pass 
ts equilibrium position one-twelfth of a period later. Similarly 

V 
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the particle No. 3 will be £th of a period behind, No. 4 will be 
a quarter of period behind, just at the left end of its swing and 
so momentarily at rest. Particle No. a will be coming up to its 
left hand limit so it will be moving towards the left. Proceed¬ 
ing in this way the positions and the directions of motion ot the 
various particles can be determined. They are shown in the 
row A'B'. The arrows above the row A'B' indicate the direc¬ 
tions of motion of the particles and the single arrow below it 
the direction of propagation of wave. It will be seen that 
particles No. 1 and 13 are in the same phase and accordingly 
the distance between them is a wave-lengtb. The particles 
from 1 to 3 and 11 to 13 are moving towards the right and all 
from 5 to 9 towards the left, 4 and 10 are at the ends of their 
swings, while 1, 7 and 13 are passing through their mean 
positions Although any consecutive pair of particles are 
having the same phase difference, yet their velocities at any 
instant are different. They are having their greatest velocities 

when passing through their mean positions and zero velocities 
at the ends of their swings. 

, Condensations and Rarefactions. —Moreover, in the 
above form of the wave motion we find that the distances 
between the adjacent particles alter so that the particles are 

nTi2. C MK d t ° g J ether 8nd s P read °»t. A point where 
at any instant the crowding together is maximum is called a 

Londensabon, while a point where the distance, between the 

particles is more than their normal distance, is called a Rare- 

faction. Referring to Fig. 28 we find that any pair of 

and eo^J™™ n are lees th8n their normal distance apart 
lift- ■ 5 her ® 13 a °° n densation in this region. The 
condensation is greatest at 1 and diminishes as we go towards 

nomaWrY palr ° f partic,es from * to 10 are more than their 

the™ centreTt^ Th COD8tit ' Ue a region of rarefaction with 
nsorU . . . < • There are intermediate points where th« 

taSd aS." SStS.f? “» ... moving 
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rrnnfant£^° P8? f^° n a ^ OUD< ^ Wave. —A sound wave is 
propagated and conveyed to the ear by means of the interven- 
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Fig. 29. 

irg layers of air. Consider a vibrating tuning-fork (Fig. 29). 
Let us eoDfine our attteniion to the right hand prong only, 
^hen it moves towards the right, it compresses the layer of air 
in tront of it and as a consequence the pressure of this layer 
will be greater than the adjaceut layers. It tends to relieve 
the strain thus created, by compressing them. These, in turn, 
hand on the compression. Thus a puise of compression will 
travel onwards to the ri?ht. Again when the prong moves 
towards the left, a rarefaction is started. These follow one 
another and as the fork vibrates, compressions and rarefactions 
are sent out in regular succession. These waves at last reach 
the ear and set the tympanic membrane in vibration. It is 
this physical movement of the membrane which is ultimately 
transmitted via a system of bones and cords to the brain and 
causes the mental sensation called Sound. 


33. Experimental Demonstration 
Wave- —To make the propagation of 
visible, let us take a long 
spiral spring suspended 
horizontally by fine threads 
as shown in Fig. 30. If 
one end of the spring is 
suddenly pushed inwards 
a little, the turns near the 
end are compressed. This 
part, in recovering, will 
compress that in front of 
it and so on. a wave of 


a 


of a Longitudinal 

longitudinal wave 



Fig. 30. 


compression will be seen travelling along the spring to the other 
end. If now the end of the spring is pulled out a little, the 
distance between the turns will increase and this rarefied state, 
which we call a rarefaction, will also be seen to travel along the 
epnng. On imparting a harmonic vibration of, say, an 



longitudinal waves 



i amplitude 1' to one end, a series of condensations and rarefac¬ 
tions will travel along the spring. Each turn of the spring 
will be seen to execute a to-and-fro vibration similar to the 
vibration that the end was made to perform, and each 

turn will begin its vibration a little later than its left hand 
neighbour. 


34. Crova s Disc.— A further illustration of a compression 
wave travelling in air is obtained by means of Crova’s Disc. 
It may be constructed as follows : 


• ? n th j j? 11 .*! 6 a . ,ar 8 e P’ cce °f cardboard draw a small 
circle and divide its circumference into eight equal parts. With 

each of these points of division, taken as centres in regular 
succession, describe circles with radii increasing successively by 
a constant amount greater than the distance between the 



sun • Fi S* 31 * 

entrr d r;d e9 pi ec^ n a ‘ arge number of cirole8 filliD 8 the 

centres as may ha reclfo 8 „? aQy ‘[“ea round the oirole of 
axis passing through »i> r ' V * Blount the diso on a horizontal 

of cardboard wkh a a ht e e,?t“- re -f nd \°' d before il “other piece 

'he Croya-s dSfto ro s„d : bown *» Kg. 31. Know 

rotated, tie poiticns of ibe circles obeemd 
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through the slit which are practically straight lines close at 
some places, and wider apart at others, will be seen to vibrate, 
to-and fro, and waves of compressions and rarefactions will 
be seen to travel along the slit. 

35 Plane and Spherical Waves — We shall now explain 

what are plane and spherical waves. 

Suppose all points in a plane are constrained to execute 
similar motions just like air particles in layers inside the 
cylindrical tube of Art. 28. We saw that all the particles in 
any one of these layers were at any instant displaced from 
their positions of equilibrium by the same amount and were 
in the same phase. Such a form of disturbance transmitted 
through an elastic medium is said to constitute a plane wave 
train. The plane perpendicular to the direction of wave 
transmission to which the disturbance has just reached is termed 
the wave front. It is the locus of all the adjoining points that 
are at the moment in the same phase of vibration. It ' is 
evident that in a plane wave train, the wave fronts are all 
plane and the amplitude is always constant. This would 
mean that the flow of energy is the same through any cross- 
section. It is for this reason that a parallel beam of sound 
or light with plane wave fronts travels over a long distauce 
w ithout loss of energy. 

The more usual type of waves with vhich we have to deal 
in practice are ‘ spherical ' in nature. They are produced 
when a single point in the medium is constrained to execute 
S. H Motion continuously. Suppose a small sphere expands 
and contracts harmonically. When it expands the spherical 
layer of air near its surface is compressed. In releasing 
its strain it compresses the layer just on its outside, 
which in turn hands on the compression to the next layer 
and so on the compression spreads outwards when the sphere 
contracts a wave of rarefaction is sent outwards following in 
the rear of compression. The periodic expansion and con¬ 
traction produces a series of compressions and rarefactions 
spreading out in all directions in the medium with the same 
velocity so that the wave front assumes a spherical form with 
the pulsating sphere as centre. Further, it is clear from 
symmetry that the direction of vibration of any partiole of 
air is along the radius of a system of spherical wave fronts. 
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The intensity* of spherical waves, however, does not 
remain constant as in plane waves. Obviously, it must be so 
for the total amount of energy crossing any spherical shell with 
the source as centre must he the same whilst the area of the 
shell being proportional to the square of its radius increases 
rapidly. Hence the quantity of energy passing per sq. cm. 
ot the aurface of any shell is inversely proportional to the 
square of the radius of the shell or the intensity of sound varies 
inversely as the square of the distance from the source. Since 
the energy is proportional to the square of the amplitude we 
conclude that in a spherical wave amplitudes are inversely 
proportional to the distance from the centre of disturbance. 

Warn JP** Propertie8 of Lon gitudinal Progressive 

(J> ® ach Particle is vibrating to-and-fro with the same 
amplitude and period in the case of plane waves but in the 
case of spherical waves the amplitude varies inversely as the 
distance from the centre of disturbance. 

(2) The particles in the wave do not vibrate simulta¬ 
neously, but there is a progressive change in the phase as we 
go from one particle to the next. 

«wJ 3) Th . e f t0 * an< J- fro motion of the particles produces a 
movement of condensations and rarefactions in the direotion 
in wnicn a wave propagates. 

in tit’ con f de " sa tion the particles are moving forward 

m the direction of the advance of the wave whereas in the 

f5) Ch y T, 3WinSin ", !n tho °PP° 9 >te direction. 

theonjfa Iront'if it”*^ 89 ° xertin e * on 

between the u “"Nation the elastio bond 

forward K t p t,clc8 W L" be P u8hi "g the particles in front 

pulled bacWds “ Sintt th R °“ ^ , Parti ° le3 in front will bo 

bzfir - t 

travlh ys ° transfer °f •" direction a wave 

37 . Representation of the Longitudinal «. c 
jg ^partiZinove 'in tjd hgi^ 
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tion of the wave, and therefore remain in a straight line even 
when disturbed by a wave motion. Condensations and 
rarefactions are formed which correspond to crests and 
troughs in the transverse wave motion. But. here, the row 
of particles will never take the shape of a sine-curve as they do 
in the case of transverse waves. We can, however, for con¬ 
venience, represent diagrainmuticallv the longitudinal vibration 
also by a sine-curve. Refer to Fig. 28, in which 2, 3, 4, etc. 
are the undisturbed positions of the particles to start with, 
and 1', 2', 3', 4', etc. are their positions a time period later when 
a sound wave is passing over them from left to right. If now we 
erect at the mean or the undisturbed position of each particle a 
perpendicular upward or downward according as the displace¬ 
ment of the particle is towards the right or the left, and having 
a height equal to the displacement of the particle from its mean 
position, then by joining the extremities of these ordinates wo 
shall get a curve which is a .Sine Curve. As the ordinates 
denote the displacements of the particles so the curve is called 
the DIftplacement Curve. It is shown in Fig. 32. It may be 
noted that the points where the curve cuts the axis correspond 



to the places where the particles arc most crowded together or 
most spread out. The particle No. 7 is in the mean position, 
while its predecessor No. G is displaced towards the left by the 
amount 60' and its succeeding particle No. 8 is displaced 
towards the right by the amount 88', so the particles here 
are farther apait. Arguing in a similar way we can show 
that particles in the neighbourhood of 1 and 13 arc condensed 
and closer together. Hence 7 is the centre of rarefaction and 
I and 13 are centres of condensation. 

38. Condensation or Pressure Curve. —\ ery often it is 
convenient to study longitudinal vibrations by their Conden¬ 
sation curve. Let us now see how to draw’ this curve which 
represents the amount of compression or rarefaction at each 
point of the wave. To obtain the pressure curve, let us consider 


ViLOCjry 


Longitudinal waves 


o3 


the displacement curve OABCD of a longitudinal wave Bet up 

e a cylinder of unit cross- 

section, ttLoso axis coin- 

• i .. * 


0ISPlAC£MCV7 

£JL 



, , F 'S- 33. «xie wave is in tne position 

snown, the change in volume between P and Q = [(}q—pp\—. rQ 

Hence the volumetric strain or compression 

_ change in volume rq rq By 

original volume “ JPQ pr ~~ 8.v 

— the slope of the displacement curve. 

dionlnL^ dr . aw the P ressure -curve, we measure the elopes of the 

aloni th fl en L CUr r e at , diffefent P° iDts aud P lot to scale 
beirJ nl tt ° rdlnates ’ the positions of the corresponding points 

the g axil A al °?K g thC axi8 0f ?• The oidinatee* may be above 
__ mi . ken pressure is above the normal (region of 

the norma W* *° d b ? Iow the axifJ when the P re ssure is below 

rarCfaCti0n ' 3i W represents to 

39- Velocity Curve—A curve showing the relation 

between the velooity of the 
particle and its position 
along the wave is colled the 
Velocity curve. 

Let the velocities in 
the direction in which the 
wave travels bo repre- 
sented by the upward 
ordinates and the velocities 

m the opposite direction bv 

downward ordinates. Ap- 
Paying this convention to 

Fin. 3 t t h . e 8 ® ries of Particles in 

curve as shown in Fig. 34 (&) ,g * velocity 


cides with OBD. Then for 
two neighbouring points P 
and Q the displacements 
are Pp and Qq respectively. 
The volume of air between 
them isP@x 1 c.c. When 
the wave is in the position 
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We find that the displacement, condensation and velocity 
curves of longitudinal waves are all Sine Curves. The velocity 
and condensation curves both agree in phase and are ahead of 
the displacement curve b}’ one quarter period. 

It may be clearly understood that these curves do not 
indicate directly these quantities in the directions in which they 
actually take place but merely represent them conventionally. 
It is for this reason that they are called the Associated Curves 
of a wave. 

40- Relation between Wavelength and Velocity of Propa¬ 
gation of a Wave —The velocity of a w'ave motion is the 
distance traversed by the crest or trough in the case of a 
transverse wave or the condensation or rarefaction in a 
longitudinal wave in one second. If T be the time period of 
vibration, ?\, the wavelength and v, the velocity of propagation 
of the wave, we have 

v— ~k!T. 

Now the number of vibrations a particle makes in one 
second is 1/7*. Let it he denoted by n. This, n, is called 
frequency. It also represents the number of complete waves 
passing a fixed point in one second. Then the above relation 
is expressed in the form, 

v — n 7\ • • • ... (1) 

This formula is of great importance in acoustical calcula¬ 
tions as it connects the three characteristics of a wave motion. 

41. Equation of Simple Harmonic Wave.—We have 
already noticed that when a wave is pissing over the surface of 
water, the particles of water are moving up and down their 
mean positions and if, at nnv instant, the instantaneous snap¬ 
shot of the particles along tho path of the wave were taken it 
will bo seen that the surface presents a view like that shown 
in Fig. 35. It indicate? that as tho wave moves outwards, the 



Fig. 35. 

displacements of the various, particles change according to a 
sine or cosine curve. As a matter of fact, what happens is 
that each particle of water executes S. H. Motion, only the 
different particles piss throu gh their positions of maximum 
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T 


t 


displacement one after the other. It is obvious, therefore, 
that if we could write the equation of a panicle in suoh a 
manner that, at any particular instant, we could get the dis- 
plac ements of all the particles from it and the displacement 
of a single particle at any time, then that equation will 
represent a Wave Motion. 

Suppose a particle 0 moving in S. H. Motion, acts as a 
>' source of wave train spreading out 

in a medium. Each particle of the 
medium is affected a little later than 
the particle preceding it and this 
delay t.e., the difference increases 
from point to point along the wave. 
If we measure time from the moment 
that the particle 0 passes through 
its mean position. Its displacement 
at a given instant along the line OB , 
is given by 

• y~a sin cut. 

The displacement at the same 
instant of a particle P at a distance 



Fig. 39. 


x from 0 towards the right can be written as 

y=a sin (wt~<f>), . tn\ 

where is the phase log, since it is evident that the particle 
situated towards the right of 0 must be always behind the 
particle at 0 in phase if the wave is travelling towards the right 

Since we do not know * directly for the various particles' 

the equation in this form is not very useful. But if we could 
express 4 in terms of the distance, the equation would involve 
those terms only whmh wo can easily measure. It remains to 

Jl. fl. 0f T: Ua .V Dg th ® phase ronstant <f> in terms of the 
wavelength and the distance x of the particle /from 0 

„.V? know that a change of in phase occurs between two 

r£nh!L Separated bj I a dla,allC0 A. he nce we eee that a change 
i m phase corresponding to a distance x, is given by the relation 

: A : : 5I : x, 

whence, A 

Substituting this value of 4 fa equation (2), above we get 
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=a sin 

=as.n 


r.. 2* 

L • OJ= f * 


•• (3) 


This is one foim in which the equation of wave motion of 
the simplest type is represented. 

.Sinee we know that 
A 1 v 

or v — -,ji °r ^, = "• where v is the velocity of the wave, 
we can write the above equation as 

.V = a sin 2»(-^ - * sin“- (vt~x) ... (4) 

T his equation gives us the complete form of the wave of 
amplitude a and being propagated with a velocity v in the 
positive v direction/ If we keep / constant and plot the values 
of )j for successively increasing values of .v, w r e obtain the wave 
configuration in space as in Fig. .‘S3. If on the other hand 
we keep x constant and allow t to increase we may calculate 
t he transverse displacement at any instant of that particle 
which is vibrating in simple harmonic motion with a phase 

constant — 

The equation for a similar wave travelling in the negative 
x direction is given by 


2 77 


y=a sin -^-(ut + x) 

A 


... (4a) 


It may be noted that the constant velocity v with which 
the wave train proceeds has no relation to the velocity U of any 
of the mass particles in their vibratory motion. To obtain 
the value of U, we differentiate equation (4) with respect to t 
keeping x constant. 


u ~ y = 


dy _ 

277 av 

~"(vl-x) 

A 


... (46) 

dt 

lUb 

A 


nuw 

2- av 

"a 

• • • 

• • • 

... (4r) 


n — 




whence 


Equation of simple habmonio wave 
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Similarly, — gives the acceleration / of the particle at 
any instant in its transverse vibratory motion. 


f W /2fir v\ 2 

f ~~dT — Kir) as 


/max — ' 


A 

4arV 
A a 
4?r 2 v s a 


2tt 

sin - ( vt-x ) 

A 


A 2 




(4(f) 

(4e) 


ss k: sc** -< 

Example \.—If tj ie equutim f or a transverse wave in a 
stretched string is i/=3sin 2nX~L , 

in cm n A 4 ' • L 0 04 40J Wlth ^ngths expressed 

frequency^and IV7&, VS?* * ZT ^ «**»■*. 

acceferafum o/ a /arfic/e ^ m<m ‘ WMTO 

Expressing the given equation in the standard form 


we have 


sin ~ (vt~x) t 


>J= 3 vn 2 „r~L_*l 

M>04 40 J 

= 3 sin 2*1“ 25 r - ±1 

L 40J 

* 3 8in 4 ^f 1000 t-x ] 

Jyr g “ Witb tbe “ me - w note 
i-nat wave-leDgth 

■V 

i A—40 cm. 

velooit/ofthewave =3 ° m ‘ 

v== 1000 om./sec. 

and froquo n0 y Wr=> « 1000 

A ” 40 
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From equation (4c) 

a 


2 77 av 


max — 


From equation (4e) 


X 

= 2tt <zn. 

= 2?7 x 3 X 25 
= 15077 cm/sec. 


///(a/ — 


477 2 vrfi 


■K* 

= 477 2 « 2 a 

= 4 X 10 x (25)* X 3 

= 75000 em/sec*. 

Example 2. —A simple harmonic wave train of amplitude 
1 cm and frequency 100 vibrations is travelling in the positive 
x direction with velocity 15 m/sec. What is the displacement 
y at x = 180 cm. from the origin at 1 = 5 sec, the wave-length, the 
particle velocity and the particle acceleration. 

Use the equation 


Here, 


• “ 7T / § \ 
y = a sin — (vl—x) 

A 

a = l cm. 

v=15 m =1500 cm/sec. 
n = 100 

. 1500 

A*= v/n — T 77 S- =15cm. 


100 


£=180. 
o 


y= lx sin ~!j£l500x5 — 180j 


= sin (27? x 488) 

= 0 . 

The particle velocity 


«-z- 


'2va v 


2 TT 

cos — (vt—x) 
h 


Under the given conditions, 
ain %~(vl — x) = 0 

h 
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and so 


2tt 

C08 —~(vt’-x)—i 


U— 


2 77 av 


* . 

=277 an 
=2nX 1X100 
=200tt cm./sec, 


The particle acceleration 

. 477 2 tJ 2 

/=- -y, v 


Since y=0,/=0. 


42. Wave Velocity and Particle Velocity.—We have 
considered an instantaneous 
view of a wave-motion pass¬ 
ing along different particles. 

To understand how a wave 
moves we have only to draw 
another graph corresponding 
to a different value of t. Let 
ns suppose that the full Fig. 37. 

line )graph represents displacement of the particles at the 
time t 1 and dotted curve the displacement at the 1 ime t 2 . 
Let the distance of A from 0 be Xj and that of J3, x 2> where the 
displacement is zero at times f, and ( 2 , respectively. It is dear 
from the equation that 

y=a sin^(^ 1 ~-.r l )=a sin ~ x % ) 

• • Vt i 

or Vsss x Jl If.!—?* 

f a -*i 8t 

Partiole velocity U is, obviously = -J-where 8 y is the 

distanoe moved by the partiole in a small interval of time 8*. 

Note that during the time the wave goes irom a to 6 [or 
A to B] the partiole c has come down to the position b. Hence, 
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or 


Particle Velocity U _ bc_ 8y 
Wave Velocity or v ~~ ah ~~ 6z 

u= 4- 

Sz 


(5) 




w bere ~ measures tbe slope of the displacement curve, 

i.e., Particle velocity =Wave velocity x Slope of the dis¬ 
placement curve. 

43. Differential Equation of Wave Motion. —We have 
already shown that for a harmonic wave the displacement of 
a particle at a distance z from the centre of disturbance, is 
given by 

• 2tt . . . 

y=a sin - - (t i—x) 

/\ 

where a is the amplitude and v is the velocity of the wave. 

The particle velocity, (Differentiating with respect to t) 


fly 2 no 277 

= —- a cos - (vt — x) 
A A 


dt 


( 6 ) 


and its acceleration, 




d-y 2tt-v • . v 

d? = - jpr •"**<««-*> 

Also compression, (Differentiating with respect to z) 

dy 2tt 2tt 

— a cos — (« — x) 
ax A A 

And rate of chaDge of compression 

d~y 4i r 2 


17) 


(«) 


9 — 

— I * 


dx s ~ .asm —(--*) 


From (6) and (8)^- 

Compare it w ith equation (5), Art. 42 

From (7) and (9) d ,.^= v*%~ 


(0) 


( 10 ) 


(ID 


dt~ dx 

The equation (11) is the ‘differential equation of wave 
motion. 
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44. Energy of a Progressive Wave.—We shall now 
consider in a general way the energy of wave motion and its 
distribution in place and time. 

We know that in an advancing wave train new waves are 
being continually formed at the head, which means that energy 
is propagated along the wave train. The energy of new motion 
appearing at its head is supplied from behind. As a new 
length V is set in motion every second, the energy transferred 
per second must be equal to the energy of a single particle 
multiplied by the number of such particles in length V. The 
energy of the wave is partly kinetic and partly potential, the 
former depending upon the motion of the' air particles rela¬ 
tively to the earth and the latter on the differences of 
pressure in different parts of the medium. As a wave 
passes over the particles of the medium, it sets them 
into harmonic oscillations about their mean positions. The 
particles possess kinetic energy except at the moment when 
they are at the ends of their swings. We also saw that in 
case of wave propagation in air there are regions of condensa¬ 
tion and rarefaction in a wave and therefore there is potential 

energy everywhere except at a point where the particles are 

passing from a condensation to a rarefaction and vice versa 


The energy distribution is not uniform over the wave for 

in a progressive wave there are points where velocity’ and 

compression are both zero and consequently at these points 

the air has no energy above what it would have if no waves 
were passing. waves 


is important to remember that while there id no 
transfer of the medium in the direction in which a wave is 

of the “wave ' 3 “ tra “ 8fer ° f energy in the direction 


** " m sho ™ the next article that the total enerev 

per unit volume of a medium through which sound waves are 

passing is lp.(—^ ). whore a is the amplitude, v the 

ts star 
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the energy in a whole wave is, at any instant, half kinetic and 
half potential. 

*45. Mathematical Treatment of Energy Distribution in 

a Progressive Wave.—Let the wave be represented by 

o_ 

Vx— a sin (vt-z) 

A 

Differentiating it with respect to t, we obtain the velocity 

of an oscillating layer (x = constant) viz : 

TT dVj 2tt nv 2rr 

V x =-jf=——- cos —-{vt-z) 
at a A 

Its acceleration is given by 

; (w - x) 


=-( 


\ 2 


If p be the density of the medium, the mass per unit 
volume is equal to p, hence kinetic energy per unit volume 

{IC) = b mass x (velocity) 2 

=4 P (U,)* 

= |p (2^!) 2 cos’?? <c<-x) ... (12) 

and its potential energy 

Vx o 2 y. x 

(P)= J pfx dy z = p.(-^-) I Vz&'Jz 
0 0 


Vx 
2 r 


% 2 

-i'(T> "■ 


■L”™)* sin* (Vl-x) 

■A / A 


(13) 


The total Energy per unit volume 
E = {K + P) 

P ( *2" )* [ cos’ ^ (t>l—ar)+sin’ ^ («<-*> ] 


Kir 1 )- 
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Writin g 7*3 for we have 


ya 


t; 


*-» p e~y 


• • • 


••• (14) 

beam ofradiatioii^tV ^, Unit area °f cross section of a parallel 
of the wave. h * “ re P re3ents lhe energy in unit length 

motion ™vty a Lond anC He g nerr tWto * “ eW le "S th » «• ~t in 

:K a ° “Sr- - ssrtzrs 

c =»»e?y ... .,i 5 , 

end \‘ b yel d ‘* at tho ”*J> K P both vary with * 

independent of x and t. nerg ^ ^ and current C are both 

medium Z Ts'rZTZ \Z Z th ° 

potential. m the two forme of kinetic and 

en ergy per unit ’volume* ™ ^ that th ® maximum kinetic 

_i / 2rrav\ a 

1 p \ 7 ^ / * fbe same as the total energy, 

kinetic energy^miniehes to lts P 08iti ? n of equilibrium, its 
displacement is approached In a 8 the P 01 ? 4 ° f ltS maximum 
number of waves??herewm * Wave . trai “ eomprising of a 
placed to various extents ‘ ^ a . fc , any f m8tant be elements dis * 
fractions of the maximum kinetic T*™* P ° 8ae8sin S Vft rious 
average kinetio energy per unit ! \ gY 'c Consequently, the 

■ »• »»h * ,s„u,r,3r stt:?;- 

t - (-“■>: 

Tbo potential energy per unit volume i9 a , 90 

t p 
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i.c.., the energy of a progressive wave is at any instant half 
kinetic and half potential. 

Example. A musical instrument of frequency 256 per 
second is sending out plane leaves of amplitude one thousandth 
of a cm. Find (a) the energy of radiation per c. c. and (6) the 
energy current per sq. cm. (Speed of sound—33200 cm. per 
second and density of air—0'00129 gm. per c.c.) 

{a) Using equation (14) we have 


2 


^p( 2 F-) 

= 4 p.(27raw) a where n is the frequency. 
Here, p=0 00129 gm. per c.c. 


_ 1 

a ~ tool) 


cm. 


n=256/sec. 


£=4x000129 X [ 2.x(-^_yx256 ] 



__0 00I29x4tt 2 x(256) 2 

“ 2X (1000)2 

=0 00167 ergs, per c.c. nearly. 

Using tho equation (15), we have the energy current 




= E X v 

=000167x33200 

=55 4 ergs per sq. cm. per sec. 



CHAPTER TV 

TRANSVERSE VIBRATIONS OF STRINGS 

“ir-'r i 

ms a =“ ,r, 

With a la,g, tension. When plucked traMveraefo and i, P ° m ? 

at right angles to the string and enter uf° m P laQes 
emit a musical note. Here the initial ten . 8u,table ,. “nditiona 

etring, when in the position of eq uUi b i um i* ?h &PP ,ei t0 th * 

force which we need consider, for the variation,, 6 °f Y re3tnrin 8 
to extra stretching on displacement ” atlon8 tension, due 
to it that they may g be neglected. ' B ° 8ma as ““Pared 

° f ? Vibrating String— Let us 

-eto^rtw^o points 

4 - % £ the centrro^and 1 when'°feft 

Fig. 38. TT,i r f 11 ““'nonces to vibrate. 

element of the string back to' ite nn^ 1 ? 8 ,Q br “S any 
the component of tensfon T at rightP° slt J°“ of equilibrium is 
that the gradient of the curve fol^ 8 ^ AB ' 
displaced position is always so small thL » the 8tring in its 
regarded as constant. The magnitude b f ® ‘ B091 °n T may be 
any element is proportional to g “ tude of the force acting on 

i sautr-? 
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Take the z-axis of co-ordinates in the direction of the undis¬ 
placed string and y-axis in the direction of displacement per¬ 
pendicular to the length of the string. Consider a small element 
PQ of the plucked string, 8x in length, acted upon by the two 
end tensions each equal to T along the tangents PK and QR. 


If <f) + 8<f> and <f> are the angles of inclina tion of the tangents 
to the curve at the ends of the element hr, the difference in 
the tensions acting on the ends of the element in the direction 
of the y-axis will be 


T[sin(<£ + 8<£) — sin <f>] 

= T co8 (f> 8(f>=T 8 (sin <f>) 

= T fdt (sin ] **• 

dy , 

Now for small angles sin <f >=tan <f> and tan <f> = there¬ 
fore the above equation may be written as 

T £ sin (<f>+h<f >)—sin <^]= T &x. 

If m be the mass of the string per unit length, the mass of 
the element 8x=m 8x, and its acceleration in the direction of 

y i« Whence, by Newton’s Second Law 


m8x. 


^ =T f{.te 

dx* 


or 


dt' 

dy __ T dy 

dt 1 m ' dx * 


... ( 1 ) 


This is the ‘differential equation' of motion of a vibrating string. 
Comparing it with the differential equation of wave motion, 

[Art. 43, equation (11)J 
dt* V dx 2 ’ 1 


we conclude that the velocity of a wave travelling along a str ng 
is given by 

t It 

or v= a / 
m y m 


v' = 


or v= 
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Fig. 39. 

We shall assume that 


48^ Velocity of Transverse Waves along a String —Let us 

now develop, from elementary principles, an expression for the 
velocity v with which a trans¬ 
verse wave pulse travels 
along a stretched string. 

An example might be the 
pulse set up in a violin 
string by li$ht plucking or 
that sent along a taut rope 

by giving one end a quick sidewise jerk. _____ 

the string, wire or rope is perfectly flexible and uniform and 
that the displacements are small and we shall neglect the 
effect of reflections at the ends. 

Suppose a wave pulse travels along a string from left to 
right with velocity v . Let us imagine the entire string to 
be moved from right to left with the same speed so that 
the wave form remains fixed while the particles comprising the 
string successively round the curve. Consider a small portion 
of the string at the crest and having a length 8x. It 

a circle of wbich 0 is fche centre > auch that 
u l The raas8 tbis P ortion of the string is m8x if 
m be the mass per unit length, and since it is moving m a 
circle with speed v,* the magnitude of the centripetal force 

acting on it is m8x where R is the radius of the circle. 

This force acts along AO, which bisects the angle POO and is 
produoed by the resultant of the tensions T and T, aoting 
tangentially at the ends of the portion PQ. Resolving thl 

~ ? h ° n S A ' J perpendicular to it, we^d tha* !h 
sum of the components of the tensions along AO is 2 T 

cos P AO = 2T Bin-, Whereas the components perpendicular to 

■dObeing equal and in opposite directions cancel ont. Since 9 is 

very small we may write )0 for sin and the resultant 

force due to the tensions is, therefore, equal to TB 

Hence lor the equilibrium of the portion HQ, „ e have 

_ r?* 


Te=m8z 


Now 


6 = 


8z 

R 


• • 


T 


R’ 

8x 

R “ 




mS,. 


\ 
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whence 


t>* = 


or v = 


■-VJ- 

Thus a transverse wave will travel along a string with velocity 


•“ V 


m 


( 2 ) 


is the stretching force and m is the mass per unit 

m in gm /cm. v is expressed in 
If T is in poundals and m in lbs./foot, t; is in feet per 


where T 
length, 
om./sec. 
second. 

^9. Frequency and Period of Vibration of a String.—Let 

as consider a string fixed at both ends If it. is plucked bv the 
application of a simple harmonic force, two bumps start one in 
either direction, but on arrival at the fixed end it is unable to 
draw the fixed support to its side and thus it causes a rebound 
and burn]) is reflected. So a pulse starts in the reverse direc¬ 
tion and goes to the other end, gels reflected there and arrives 
at the original point after traversing twice the length of the 
string. If during this time the point has executed one complete 
vibration, the harmonic force communicated to the point will 
find the incoming wave to be in phase with it. The wave will, 
therefore, be reinforced and vibrations will thus be maintained 
till the loss of energy due to friction and dissipation brings it 
to r^st. Here, then during one t me period the distance 
traversed by the waves is twice the length of the string so 
that A = 21. where l is the length of the string. 


Now e=n A, 


n= — = 


V _ V _ I frp 

* “2/-2J 


(3) 


This is the frequency of the lowest or the gravest mode of vib¬ 
ration and the note emitted is called the Fundamental. 

The period of vibration of this fundamental mode of vib¬ 
ration is given by 


T= - =21 \l m 

n * rp 


(4) 


If D be the diumeter of the wire and p the density of the 
material of the wire, then 


rrD* 

m= -p 


teansvhbse vibrations of strings 
Putting this value of m in (3), we have 
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7rD 2 p 


(5) 


== 1 

Dl rrp 

in ?> 1 aDd m “ ust be ex pressed 

and T iXZVr^T' T tS ( ° m - and *“• or ft - 'M 
of mass la grams nor mot exam P' e - IS cm9. of a wire 

would vibrate with ^requeucy 1 ^" * * en8i ° D ° f 5 kilo g rams 

1 y]5xm 0x981 


71 = 


2x15 * Jo/100 

= J^/ 5x 1000x981x 100 


15 


’ \/ = 190 ' 6 - 

« ^ 1 * 


».c., 


n oc ~ 


- r £ ) d tot^r™^ o h : 8 ^™:re ot an f d f r teri ^ 

P>.ed, BO that if 7 is increased four times ntC^d/" 06 a ‘" 

and ( lbt;ted eq “: n 7 be ° f 8 rff£7: n 8t ™^ *> same length 
aquare root of the mass per unit length of tTe strings^’ “ the 

U ' . n« _L. 

51 \>F • V*** 

,0 °g- One end of the wire is 
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fastened to a peg at one end of the box. Its other end passes over 
a smooth frictionless pulley fixed at the other end of the box, 



Fig. 40. 

and carries a scale pan so that it can be loaded to have any 
desired tension. There is a movable bridge C, between the 
two fixed bridges A and B, sliding over a mm. scale to adjust 
the length of the vibrating portion of the string. It. is, some¬ 
times, convenient to have a second string stretched by the side 
o the experimental string for comparison This string can be 
tuned to any pitch by means of a pin that is twisted by a key 
so as to alter the tension. 

Expt 1. To verify that n oe-~ .—Attach a constant load 

to the wire passing over the pulley and adjust the movable 
bridge C, until a length, l, of the wire vibrates in unison with a 
tuning fork of known frequency. The vibration of the string 
can be detected by playing a light paper rider upon it. The 
tuning fork is struck and held with its stem pressing against 
the board. The position of the movable bridge is altered, till 
the paper rider placed at the centre of the vibrating wire 
which form8 the antinode in the fundamental mode of vibration, 
is violently shaken and ultimately thrown off the wire when 
the tuning is exact.* Measure carefully the length, l, of the 

•1 he equality of the pitch may also t>e tested by means of a wooden 
disc about 3' in diameter, attached to ono end of a short wooden rod 
whose axis is normal to the plane of the disc. The free end of the rod is 
placed on the sonometer board and the diso is pressed against the ear. 
If the adjustment is approximately correct, beats may be heard. The 
bridge C is shifted until the beats are very slow and ultimately dis¬ 
appear. 
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string. Repeat the experiment with other forks of known 
frequency, keeping the load constant. We will find that for 
each fork the product of the frequency and the corresponding 
tuning length i.e., n X I ie constant, thus showing that the fre¬ 
quency varies inversely as the length of the wire. 

Expt 2. To verify that n oc y/T. Apply a known tension 
T x to the experimental wire and adjust the movable bridge C, 
until it vibrates in unison with a standard fork of frequency n v 
or with the comparison wire. For this purpose, the comparison 
wire is stretched with a definite tension so that when pluoked 
by a violin bow, it emits a note of the pitch corresponding to 
that of the standard fork. When unison is obtained by the 
method explained in Expt. 1, measure the length, l l9 of the 
string. Vary the tension to T a and find the tuning length, 
repeating several times. Using the result obtained in the last 
Expt. viz., nZ=sconstant, we may calculate the frequency of the 
experimental wire if it were stretched under tension T t and its 

length remained l v It is given byn,=n,^- Proceeding in a 

similar way, the frequencies of the experimental wire, under 
different loads but with the constant length of the vibrating 
portion, may be determined. In all cases, we will find that 

x|i = ^r = ^ =oon9tant 

*'*£%?&* wire ‘ variei iirealy ~ tht roo( 


Expt. 3. To verify that noc-±_. Adjust the portion AC 

£ unUnTththl 11 ^ ^ 9 ‘ retohed " ith a *»"» load *» be 
I f - ““P 4 ™ 01 * wire or a standard fork as before. 

DortLnofT ng i ength J 6 V Bemove tha *«« cutting off . 

. n ‘ h Next a fixon?h mg “ th6 ma9s "i P er 

Hinrn ♦ fix ?“ the m °noohord another string of different 

diameter or material whose mass per cm. is m a . and stretch * 
with the same load as in the fi-st oase. Adjust AO again to 

the U W? h W beV he if ^ Wire ° r the Standard f ^k ami Ll 
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and 


or 


or 


n ~2l, / \/ m 

W i- =k\ 


in the 2nd case, 


/ 


m, 


W W 1 = W m 2 

i. e., the product Zy'm should be constant. The measurement* 
taken above will be found to satisfy this relation and to prove 

that noc —-— 

T Vm 

V52. Harmonics or Overtones of a String-—We saw in 

§49 that if a string fixed at both ends is plucked or bowed at the 
centre it vibrates as a whole giving out its fundamental tone 

1 /T 

of frequency 71 = —A/^ ere the ends are permanently at 

rest, and the middle point of the string has maximum displace¬ 
ment. Besides it may vibrate in two segments or in three and 
so on, such that there are points marked iV which are perma¬ 
nently at rest* between the extreme points as shown in Fig 41. 

Such points are called 
^nodes while the points 

_ —where the amplitude 

— — ___ is maximum are anti- 

_ nodes or loops. The 

—-portion of the string 

it) --^ ^ between the two nodes 

^ is called ventral seg: 

^__ ^-^ ^-^ ment. These modes 

Cl -~V^ C~ ~ JV* of vibration may be 

’ ^____ _ ,_.. easily established by 

id) touching the string 

lightly at a point 

Fi^. 41. where a node is desired, 

and at the same time plucking it at a loop. For instance, if ft 

•Though the nodes are desoribed as at rest, this only means that 
their motion is very small compared with that of the loops. Really 
speaking, they must more slightly for the energy of vibration comes 
through them from the bowed segment. And the fixed ends of the string 
which ore also nodes, must have some motion, for through them the energy 
passes to the sounding box or board on which the string is mounted. 
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string is touched at its middle point and bowed half way bet¬ 
ween one end and the point where it is touched, it will vibrate 
in two segments l'he frequency, of this mode of vibration 
is obtained by putting //2 for / in equation (3) 




i.€. f the pitch is double that in the first case, 
(c) and (d) give frequencies 3 n, 4 n, etc. 


. ( 6 ) 

Similarly, modes 


These tones emitted by a string besides its fundamental 
are called ‘ Overtones' . If the frequencies of these overtones 
including the fundamental are as indicated above in the ratio 


1, 2, 3, etc., they form a harmonic series and may be called 
harmonic overtones or simply Harmonics. A Harmonic may be 
defined as a note hiving a frequency an integral number of 
times that of the fundamental. Note that it is the presence of 
harmonical overtones, which is regarded as essential for the good 
musical quality of a vibrating string Later we shall find "that 
there are several cases when the overtones are inharmonic. 


53. Compound Modes of Vibration of a String.— When 
a string is plucked or bowed, it does not vibrate in any oue of 
the modes explained above but a number of these different 
modes of vibration are in general set up simultaneously and 
the vibration is the resultant of all the modes, of which the 
string is capable under the conditions of excitation. It is ouly 

necessary that the length of the string be a whole number of 

half wave-lengths. Hence when a string is apparently sound¬ 
ing its fundamental tone or a particular harmonic, tins tone is 
generally, only the predominant component of a compound 

note made up ofall the possible modes under r he conditions of 

* nclu , dm & the fundamental. The constituents can be 
picked out and recognized by suitable resonators or oth- r 
means. The form of vibration assumed by a string in which 
such modes of vibration exist, is shown in Fig. 42 g ft will bo 
easily understood if it is * e 


realised that in the com¬ 
pound mode, the motion 
of any point on the string 
is the resultant of all the 
motions proper to the 
component modes or par- 
tials present. The dotted 
lines show three positions 



3 

Fig. 42. 
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of the string simply vibrating as a whole in its fundamental 
mode. 'I he full lines, however, show its form when it is at the 
same time vibrating in two segments, the two halves vibrating 
with reference to the dotted lines just as they would have done 
about the middle straight line if the fundamental mode of 
vibration had been absent. 

The simultaneous existence of different* modes of vibration 
in stretched strings may be demonstrated by a sonometer wire. 
Pluck the wire, say, at £ of its length from one end. Then 
touch the string lightly with a feaiher at the middle thus 
damping out its fundamental mode of vibration but it will be 
free to vibrate in two segments which will be plainly visible to 
the eye and easily recognizable by the ear to be an octave 
higher than the fundamental. Or if struck £ of its length from 
one end and then touched lightly at one-third of its length, the 
fundamental mode will be damped while it will still be heard 
sounding a tone having three times the frequency of the funda¬ 
mental. 


54. Demonstration of the Vibratory Motion of a String— 

The peculiar motion of a vibrating string may be demonstrated 
to a class by projecting the image of a small poition of a 
monochord or a piano string upon a screen (or wall) with the 
help ot a rotating mirror. The arrangement of the apparatus 
is shown in Fig. 43. A narrow slit, S, illuminated by an arc 
lamp, C, is placed on one side of the stretched string AB of the 



monochord. By means of a convex lens, L , an image of the 
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slit and a email portion of the string is produced on the screen 
IF. The light before reaching the screen falls upon the rotating 
mirror M. Without plucking the string, rotate the miror, and 
watch the image on the wall. On account of the persistence of 



(ti \/\/\/\/\/\/\/^y r ,,, ovmrme 



ftmiyfuiaL 
'st ontriws 


Fig. 44. 


vision the image of the string will appear to be drawn out into 
a horizontal straight line but when it is plucked or bowed 
vertically, the straight line becomes zig-zag and presents the 
appearance of a periodio curve such as is shown in Fig 43 (M 
The curve indicates that the vibration of the string is not 
simple harmonic for if it .were so, the image on the screen 
would be a sine curve of the form shown in Fig 44 (a). The 

complex nature of the curve, however, shows that the vibration 
is the resultant of several components. 

Various types of wave-form curves may be obtained 
depending on the conditions of excitation. The wave-form 
urve shown in Fig. 44 (c) will be produced when the string 
vibrates with the fundamental and the first overtone simuh 

I** in addition to the fundamental, a string vibrates 

™th Fta 43^ 9 h th 0vertonea > he wave *>nn till agree 

l 3 ?- )# . Such CUrVes can be obtained graphically 

wsssisar jrAT&gyai 

for the experimental study of the motion of a point on 

ting string of a violin under the aotion of the bow The horizon 
tal fork electrically maintained with the lens L S??* 

scope. If now the fork ia made to 
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rest, tlie bright point will stretch out in a vertical line such as 
AB (Kip 45). If the fork is at rest and the string is vibrating 
the briuht point will be drawn out into a bright line CD. If 
both f<-rk and string vibrate simultaneously, the two separate 
mol ions rf the spot are c< mpoundfd togei her and a Lissajous 
figute is produced whose shape depends upon the ratio of the 
two frequencies of vibration and on the phase difference. 

The fork and the string are adjusted to u n sop but as the 
moth n oi ti e point on the string is not simple harmonic, 
though periodic, our curve will not resemble any of the curves 
in Fig. 11 (page 21). The general form of the cuive obtained 
b\ Hr lmholtz is depicted in Fig. 45. 

It, gives us the details of the motion of t he point on the 
string at times indicated by the motion of the fork which is 

simple harmonic 

• 

To investigate the displacement of the string against the 
tun<ng f"'k time scale draw a circle with centre on a horizontal 
line through 0 with its radius equal to the amplitude of the 
f< rk. Divide the circumference of the circle into any number 
of equal parts, sav If) at 0, 1, 2, 3 . and through each of the 
points of division draw a horizontal line cutting the curve at 
0, 1, 2, 3.. zero, for convenience, being chosen where the 
vertical line through 0 cuts the horizontal line. The horizontal 
lines will mm k a scale of equal time intervals c-n the vertical 
line through O. The numbers on the curve show the positions 
of the tracing point of light at the ends of successive equal 
intervals of time. On AB produced mark off 16 equally 

spaced points O', 1', 2', 3'.and from these points draw 

horizontals equal to the abscissae of the Lissajous figure at the 
point with a corresponding number and draw a smooth curve 
through the ends of these abscissae. The curve is the time 
displacement curve of ihe point on the string under observation, 
from which the speed of the point is easily deduced. It is 
obvious that any point on the string moves with uniform 
velocity forwards and backwards. This is true .only when the 
point is in the centre of the string It the point is nearer to 
one end, the forwards and backwards lines in the time dis¬ 
placement curve are unequally sloped showing that forward 
and backward speeds are unequal. Helmholtz concludes, 
“We learn therefore by these experiments “(I) The strings of 
a violin when struck by the bow, vibrate in one pKne “(2) 
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That every point of a string moves to and fro with two constant 
velocities. 



“These two data are sufficient for finding the complete 
equation of the motion of the whole string.” r 

We shall have occasion to refer to these conclusions when 
discussing the action of the bow in a violin. 

55- Stiffness of Strings. —The definition of the string 
given at the beginning of this Chapter, for which the laws have 
been established requires that the string should have no stiff- 

uZt *' e D ° re ? i8tanue t0 flexure, and therefore could Ibe 

bent without any force being needed. Any actual string* 
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however, departs somewhat from this behaviour and offers some 
slight resistance to bending. As a consequence, the restoring 
iorce acting on an element displaced from its normal position 
consists not only of the components of the applied-tension 
acting inwards, but an additional elastic force called into play 
by the bending of the wire. Thus the total restoring force is 
increased with a corresponding increase in the rate of vibration 
ot the string. When the stiffness of the string is taken into 
account, theoretical investigation shows that Dot only is the 
iundamental raised in pitch but the overtones are also raised 
in pitch in an increasing proportion. The fundamental and 
tne overtones do not fall in harmonic series but this departure 
in the case of lower partials of strings actually employed in 
musical instruments i6 of no serious importance. 


56. Melde's Experiment ■—A very convenient method of 
maintaining the vibration of a stretched wire and investigating 
the laws which govern such vibrations is due to Melde. A 
light string about 1 metre long is fixed at one end to the 
prong of a large tuning fork which is maintained in vibration 
electrically while the other end passes over an adjustable pulley 
and is fastened to a small scale pan. The tension in the string 

can be varied at will __ _ 

by placing weights in it. A 

The vibrations of the 
fork may be either along 
the string as in Fig. 46(a), 
the Longitudinal Mode 
of Vibration, or at right 
angles to the string as 
shown in Fig. 46(6), the 
Transverse Mode of 
Vibration. 

Consider first the 
Longitudinal Mode of 
Vibration- With a given 

load adjust the length by moving the pulley near or 
farther from the fork so that it vibrates in a single segment. 
If the load is reduced to one-quarter the above value, two loops 
will be obtained, when it is reduced to one-ninth, three loops 
will be produced. If now in any one of these positions the fork 



Y 


Fig. 46 (a). 
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is rotated through 90°, everything else being kept the same the 
wire will be found vibrating with twice the number of loops. 

Let ns now find the relation between the frequency of the 
wire and that of the fork in the two cases. In the first case 
when the end A of the prong is towards the extreme left, the 
amount of sag in the string is maximum. As the prong moves 
to the other end, the string is tightened becoming horizontal 
when it is at the extreme end of its vibration. When the 
prong returns, the wire does not sag again but travels up the 
horizontal on account of the inertia and the upward motion 
that it has acquired. It i B in its extreme upward displacement 
of the wire that the prong completes one vibration. This shows 
that for every complete vibration of the fork, the string makes 
one-half of a complete vibration. Thus if the frequency of 
fork be N for a given length vibrating in a single segment 
the vibration set in the string will be most energetic when the 
tension of the string T l is such that 


\N 


V 


1 
m 


• • • 


(7) 


▼ 990 

If, however, we wish the same string to vibrate strongly in two 
to g “ a e such W that a D “ midd,G We mU8t redl,ce the 




1 


21 / 2 


V 


il 

tn 


• mm 


( 8 ) 


More generally if p segments are to be excited in the string 

Xredihaf * 8U P 1 ^ should . be *o 




1 


V 


_ u • 2llp 

T p being the altered tension. 

Comparing (7) and (9) ; we have 


• • • 


(») 


V'i-w 


• "‘..'.iSv 1 ; r,;“: -• <« 

the squares of thenumbers An^eVn V ' * proportional to 

relations affords a 


so 
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Keeping the tension tlie same, the string can be set in»o 
vibrations strongly when its length is an integral multiple of the 
length of the string when vibrating with one ventral segment. 

In the Transverse Mode of Vibration of the fork, when 
the prong moves towards the ntzht the string also 
moves towards the right. Wnen the prong passes through its 



Fig- 4G (ft). 

mean position, the string will also be in its position of rest. Tfc 
will move towards the left when the prong moves towards the 
left. The string will, in this case, vibrate in unison with the 
fork, % 



where l is the length of the fundamental mode of vibration. 
For the string to split up into p segments we have to alter the 
tension to T p such that 

■ a/Ti ... ... (II) 

21 V rn 

From 10 and (11) we have as before ^ 

T p X p 2 = constant. 

But a stretching force required to give a particular number of 
loops in this mode of vibration is four times that required in 
the first case, for in the first case 
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and in this case 


„ N*Pm . ' t 

*p— —-y- fr-jra (9) above; 

1 p=‘* —r~ from (11) above. 


Example. In a Melde's Experiment the slrinq is stretched bn 
a load of JO grams. When the fork is bowed ,, the string vibrates in 
four loops By what weights must the. string be stretched for the 
number of loops to be 5, 3 and 1 respectively ? 

Using the relation, 

T p x p 4 —constant 

we have for 5 loops, 

r 5 xfi 4 =iox4 4 

** =6 ‘49 gm. 


For 3 loops, 


T % x 3 a = 10 x 4* 


For one loop, 


• T - 160 

• • —y —17/7 gm. 


I , 1 Xl t =lx4 4 
7*1=160 gm. 

metlod ofverifyinXtwe^f ^ aff r ding a 

a very striking* and convenient — g illu8trate in 

maintenance of Stationarv Vikr m “ er ’ , the formation and 
of the prongs of the fS S? The Vibra,ion 
tions which travel forward aln™ ,?° Ur ‘ Se . of transverse vibra- 

are reflected back from there along t^ sWnf '“tIT PU " ey Und 
t.on of the direct and the reflected 8 train^av Jt/er^per 



•onditions produces stationary^,,*, The etring wU , 
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general split up into several equal segments depending upon the 
load. If the string vibrates in p 6egm<nts, say, the alternate 
segments will be found to be moving in opposite directions with 
(p—1) nodal points lying aloDg the string equally spared. In 
Fig. 47, the string AB is vibrating in three equal segments with 
two nodal points lying along the length between the end points, 
the motions of alternate segments are in opposite directions as 
indicated by the vertical arrows. For detailed study of these 
vibrations see Chapter VII. 


aiiuA* 


CHAPTER V 

PROPAGATION and velocity of sound 

of Sound - 

from the fact that so^d TsZL *^ ™ ible : Ifc «> evident 
If the sounding body i 8 Ivim^b? vlbrations arestopped. 

motion sets up a ware motion ■ l*’ tb ® re P 8ated vibratory 
‘ions. On falling u pon tTe " h pro P sgatee iQ *« direi 
causes it to vibrate and thus n™d m ?“ branc o of the ear it 
It ean be experiment ver ifi ed that , 8ensatio “ of sound, 
propagated in vacuum by susncndin ° d waves cannot be 
partially evacuated vesse (Fig fg) ^ Dg eleotri<! be “ in a 
sound becomes faintor lhe 

the vacuum becomes U T ’ the b< ! tter 
from this that an elaatfcmtd- ^ 10 Xn f er 

in order that sound wlv^mirK 8 nece86ar 7 
tp d and conveyed to th« y be P^Paga- 
transmitted not onlv ho • ^ 0UQ J is 
And solids os well Th*? bUt by li ^ uids 

sound, can be vouchsafed for T traD9mits 
who has heard two f by any 0Q e 

under water while hi« a 068 airuoi£ together 
As for solid^we L^^r.CV^^- 
our ears to the rails wa a * k f We a PP*y 
made by the who i <■ an ‘bear the sound 

toy eeUte W t ^ain. A 

^har, is anotheT beauSinil °? ry • ° hild » W* 

r? d by ^lids Here the t'T* ° f the transmission o) 
^ rd - In some ca£s the EH* • 18 fcr ^«mitted along th 
conversation can beTrri ed « so distinct 8 that 

S 40 IT the " e cWe m eoDnde h from et th > ‘ C r P * U8ed by medioal 

besides the column of air Mtenrh h ? lun K 8 and the heart 
»«opewood plays an im" “2 the , tub ? °f ‘he aS 

It must be not«d . j ro e m ^onduotine the sound 

»-a- »f ”r, xr?.sr ■“ fS*:rr. d i„ 
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As already stated sound is a longitudinal wave motion in 
material media —solids, liquids and gases and the velocity with 
which it is propagated. depends upon the two characteristics of 
the medium, (t) its elasticity — a property which indicates that 
when the particles of a medium suffer relative displacements, a 
force is set up which tends to bring them back to their original 
configuration, («) its inertia , which depends upon its mass. The 
actual wave motion depends therefore on the kind of initial 
impulse given from outside, the elasticity and the mass content* 
of the medium. 


Newton first showed that in a homogeneous medium the 
ocity of longitudinal waves is given by v= a /where E is 


the modulus of Elasticity for the particular type of the strain 
set up and p, the density of the medium. 

58. Velocity of Longitudinal Waves in Air.—Consider 
that a wave is travelling towards the right in the air contained 
in a long tube of unit cross-section as shown in Fig. 49. If the 



Fig. 40. 

medium is caused to move towards the left with a velocity equal 
to that of the wave, then the wave, though moving with respect 
to the air, will be at rest relatively to the ground. In a small 
region surrounding any point, the pressure, velocity and density 
of the medium will be constant. These quantities will, of 
course, have different values at different points along the tube. 
Imagine two partitions A and B placed across the tube. Since 
there is no change in the average density of the medium, the 
mass of air entering the space between the two partitions in a 
time t must be equal to the mass leaving it in the same time. 
Since the particle velocities at A and B are, in general, not 
identical there will be a gain or loss of momentum accompany¬ 
ing the transfer of mass. For simplicity, suppose that A is a 
region of normal density and B a region of condensation, lnen 
since the same mass of medium must flow out of second parti¬ 
tion per second as enters the first in the same time, the velocity 
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of outflow at the second will be less than the velocity of inflow 

at the first as the volume ot a given mass ot a fluid depends 
upon its pressure. ^ 

Let t>, P and p denote the velocity, pressure and density 

TeZT\t ^ aDd and thG —ponding quanti" 

flowing oiHt £weTve! f ^ * “ * '* ^ tbat 

.. T ^ : =Vp~V 1 p 1 t /|V 

(«') In one second a mass of gas m emml in a" • 

p ‘- p =m(«>-t> 1 ) ... ... (2, 

... (2o) 


... 


Fro, n(l) m = t,p,an 

• Pi 

Substituting these values in (2a), we have 


Pi-P = v'p( Pit* 

v Pi p 


»V 


\pi- P / 


• • • 


(«> 


Pi 


Now the volume elasticity of the medium is given by 

p_ p i-p 

( V- PJ/ V 

whore V is the volume of unit mass (= L). 
Substituting i for 7 we have 

B= P '~ P 
Pi—P 

Putting this value in (3) above 


• •• 




• • • 


( 4 ) 
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t’*p= E, or 


E 


V 


Now v is the velocity of the air inflow at the first partition and 
is evidently equal to the velocity of the wave. Consequently 

the velocity of a longitudinal wave is V-f ... (5) 

Thi6 equation holds good for a compressional wave in any 
elastic medium, gaseous , liquid or solid. 

*59 Alternative proof for the velocity of a Longitudinal 
Wave. —We shall apply the result obtained in Art. 43 to find 
the velocity of compressional waves in terms of the characteris¬ 
tics of the medium namely its ‘elasticity’ and ‘inertia’. 

Let us take the case of a longitudinal wave in air (or any 

elastic fluid). Suppose the 
waves are travelling from left 
to right along OX. Consider 
two planes of area a perpendi¬ 
cular to OX at e and /. and at 
X a small distance bx apart. Let, 
-► e' and /' be the displactd 

Fig. 50. positions of the planes origin¬ 

ally at e and /. If the displacement of the plane at e be y, 

then the rate of chanue of displacement is • Therefore the 
displacement at f=y+ (^) the distance apart of the 
planes has been increased by */ + (1 y ) y— 



dy 


Change in volume of the layer ef=a^.bx 

Volume of the layer ef=abx 

dy 


Volumetric strain = 


a , .8x , 

ax _dy 


aSx dx 

If now F be the force per unit area on the plane e, then the 
total force on the plane e = aF 

and „ „ „ f =aF + a (j^)* x 
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TLo resultant force on the element 5* 

dF 


' aF+a 


Mass of air between e and f 

=a.8x.p, where p is the density of air. 
Acceleration of air particles 

dt l 

Massx Acceleration = a 82 : p—*^ 

r dt z 

By Newton’s Second Law of motion, we have 

fit** J T? 

a dx p. 


d'y d F 

• ox. 


— a 


or 


dt % ~ “dx 

d'y __ dF 
^ dt * dx 

Now Elasticity stress 


• •a 


(«) 


strain dy 
dx 




Butting thi« value in ( 6 ) 

£-i< *2) - *" 


“r , or V 

rf *’ A* p rfj 4 


Comparing it with equation ( 11) of Art. 43^wo have 

*,*= ? or u= y' A’ 

Bet us Sfeteife fcSS? i n tL H c °aTe°of a!r° U# Medium “ 
Now for a fluid E = *L. ^ * 

pressure P and dV th h W *** 18 the oh " n ge in 

sSSiSSiSt-s 
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PV = (P + dP)(V-dV) 

= PV-PdV+VdP-dVxdP. 

Neglecting the product dV xdP being small, we have 

PdV= VdP or P= V d j,,=E 

d\ 

where E a ie the Isothermal Elasticity. 
u 


d 


■o 


= V 


Now in the case of air at 0°C , 

P= 13*6x76x981 dynes/sq. cm. 
and p= 0 001293 gm./c.c. 


Velocity of sound at 0°C= 

= 28000 om./sec. or 918*7 ft./see. 

This result falls short of the experimental result according 
to which v=33000 cm./sec. by about 16%. Newton, however, by 
using imperfect data for P and p found the discrepancy to be 
about 12%. He accounted for it by assuming that the molecules 
of air occupied about gth of the space traversed by sound and 
that sound passed instantly through these, only taking time to go 
through the interspaces. He also supposed that the presence of 
water vapour had no share in conducting the sound. Both the 
assumptions, however, are unjustified and the true explanation 
was given by Laplace. 

,61 Laplace’s Correction.—The discrepancy between the 
calculated and the observed values for the velocity of sound 
was first explained by Laplace in 1816. He said that compres¬ 
sions and rarefactions accompanying the passage of a sound 
wave occur so rapidly that the rise of temperature during com¬ 
pression and fall of temperature during rarefaction do not get 
enough time to be equalised by radiation or conduction to the 
eurrounding air, as air is a medium of very low thermal con¬ 
ductivity. Hence the assumption that the ohanges in volume 

and pressure are isothermal and obey Boyle s law is not valid. 
The change in this case is adiabatic * for which the relation 
between the pressure and volume of a gas, is given by 

• An Adiabatic change ia one in which no heat flows in or out of anj 
portion of the gas during any set of operations. 
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PV v = constant, 

where y is the ratio between the specific heat at constant 
pressure and the specific heat at constant volume. 

Let us find the value of Adiabatic Elasticity from this rela¬ 
tion. Differentiating it, we get 


or 


V V dP+P.yV V - l dV =0 
yPV y ~ l dV=—P y dP 


or 

where E<f> is the 
Substituting 


yP =~ v 

Adiabatic Elasticity, 
this value for E, we get 


For air, y=l 41. 
in air 



Using the data as 


••• 

before, velocity 





of sound 


-Vt 


41 X7«X13 fix981 
001293 


=33250 om./sec. 

62. Discussion of the Fottnula.-We shall now use the 
formula, y~~, to find how the velocity of sound in a gas 

-»*- p~- 

for velocity is independent waTe "' en StI»'—The expression 

of the note and therefore we can^S’ ^' , ai \ d the wavc - kn 0 th 
doee not depend upon thi amin! S y “ nC . lude fchat velocity 
this holds so lone a/the nm . P J tude and the wave-lengthftbut 

case. Loud soZhTsuoh “S tude ,“ 8mal1 ™ generally the 
faster than ordinary sounds in°th ° f * °^° a are found to travel 

»ary sounds m-the immediate neighbourhood of 
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dtlnT’nnrm ,* froni * the sound velocity settles 

*mpStud«. * " e C ° rre9pODdi ^ to th “ l «~H 

pnpj n - ,q0 °' 1 ° 1 t,,nnel 2 mi,es lo ng, it wus proved that differ, 
enoe , n pitch has no effect, whatever, on velocity Were it 

otherwise, indeed, a tune played by a distant band rni'ht 

become confused, and the characteristic quality of its instru- 

ments unrecognizable. 

(**) Effect of Pressure.—The change in t he pressure of a 
given mass of gas would produce a corresponding change in 

volume. From Boyle’s law. PV ~ constant. Since F= m . 

P 

. P 

• • — constant or remains unaltered. 

P p 

The velocity is thus independent of any change in pressure 
so long as any change in the atmospheric pressure is sufficiently 
slow and Boyle’s law holds good. 

The experiments have also shown that velocity of sound at 
high altitudes is the same as at sea-level 

(ml Effect of Density.—The pressure remaining the same, 
velocities of sound in two gases are inversely proportional to the 
square root of their densities, provided yhas the same value for 
both of them. Oxygen is 1G times denser than hydrogen, 
therefore velocity of sound in hydrogen is 4 times that in 
oxygen, 

.. velocity in hydrogen JyP J v p J p „ 

velocity in oxygen Pa p 0 ~ V Ph ~ V 1 

(iv) Effect of Temperature. —When the temperature m- 
Mtcases, the density of the gas decreases without affecting the 

pressure. As the numerator in the expression V—^ would 

P 

remain unchanged, a rise of temperature would increase the 
velocity, and vice versa. We know from Charles’s law that 

Pt = j x° a / ’ w * iere Pi and Po are the dcnsit ies at temperatures 

I* and 0° C., respectively and a= J—• Substituting this in the 

J / • » 

equation for velooitv we get 
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At 0°C. the velocity will be 


v, 


,= >]?L. 

Po 


Vt=v 0 


or 


v. 


= V(l+a<) 


-V 


1 + 


f 


2-/3 


a/ 273 +t 
' 273 


=V^ 

T 

kmpZrtt" a " e roporUonal to the .quart root of abtoluU 

?• ho ^ e , V Si: the variation of < >8 not too large we mav hv 
n+^lHnto ° re “ aDd nCgleCtin « higber F—b of/, expand 


'+!«+ 


so that, approximately 

g he value for a=^ per degree Centigrade, and 332 
metres/sec. for the velooity of sound at 0°C., we have 

t><=332( 1+-L) 

\ ~646' < 

and we see that the vTlo^orlLZlTtl^ , V <«> 
for PC. rise of temperature C /u- 1 m ‘ or 2 ft./sec. 

hold, good for air, and at ordinary temperatu^. appr0ximatio » 

sound “i, V t e raMmittId?T 0 niw a befmr 740 miles ' h ° ur at which 

transportation speeds and is exceedecf bv *i Pro a ciled modern 

wmg ti p8 of propellers, ° f Peonies, 

»n the air by sources that hav fe0UDd waves produced 
Bound itself, in no way resemble nr£ greater 8 P eed than that of 

aball deal with them (See An^l Wa ™‘ W « 
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63. Velocity of Sound in a Mixture of Gases —To 

calculate the velocity of sound in a mixture of two or more 
gases or moist air. the actual density of the mixture is used in 
the formula. If the value of y is different for the different 
components, the correct value is calculated from the relation 

— =-^L 4- —»- X — 3 -. 

, . y~ l yj -; 1 y2-i>3-i 

where P is the pressure and y is the ratio between the two specific 
heats of the mixture, P, and P 2 etc., being the partial pressures 
and y, and y 2 etc., the rat o of the two specific heats of the 
oomponents of the mixture 

To compare the velocity of sound in moist air with the 
velocity of sound in dry air at the same temperature, suppose 
P and p'are the densities, y and y' the ratio of the specific 
heats of the dry and moist air respectively. Then 


velocity in dry air= > and velocity in moist air= V —T 


Velocity in moist 


• • 


Velocity in dry air 


air =V 




p 


yP 

P 


=V 


V P 


yp 


approximately 


(9) 


Although the value of y for air is 1*41 and that for water 
vapour about 13, but the amount of water vapour is so small 
that it would hardly affect the value y for the mixture which 
may be taken equal to the value of y for air. 

Now, applying the fundamental gas equation, PV=RT, and 
remembering that the density of water vapour at the same 
temperature and pressure as air is *625 of the density of air, wa 


can easily show* that , f[ + ^ 
. velocity in moist air ^ 


velocity in dry air y P 1 -|-'C25P 2 

Example. To illustrate the use of this formula, lei us 
compare the velocity of saturated air with dry air at 30°. 

Velocity of dry air at 30°. 

J 2734-3TT 


Velocity at 0°C. X 


273 


•See • Book on Heat. 
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= 332 x V |^|-=349-7 m./sec. 

Now saturated vapour pressure at 30 P C.=31'7 mm. of 
mercury. If the barometric pressure be 752 mm. of mercury, 
then / > 1 =752~317 = 720‘3 mm. and i > 2 =31*7 mm. 

. velocity in moist air at 30° ^ 762 


velocity in dry air at 30 


=v 


720-3 + -625X3I-7 
762 


740 


V 752 

=752 6 m./sec. 

Thus the sound in saturated air travels faster tfuxn in dry 
air by 2 9 m./sec. 

Relati on between the Velocity of Sound and the 
Molecular Velocity in Gases. —Since a sound wave is superposed 
on the velocities of the molecules of a gas, it appears, a priori, 
that the velocity of sound (for small amplitudes) must depend 
upon the velocity of the molecular movements, particularly the 
component of the velocity of the molecules in the direction of 
the propagation of the wave. 

We have seen above tha-# the velocity of souud depends 
upon the pressure and the density of gas, 

since v — ^, 

9 

Also from the Kinetio Theory of gases, we know that the pres¬ 
sure arises from the to-and-fro motion of its molecules and is 
given by 

... ... ( 10 ) 

where C is the root mean square velocity of the molecules. 

From (10) --=$0*. Putting this value in the equation 

for v, we have v— A/ \l Y 

1 3 ~ v * / » u ••• ••• 


Also since C =C' v — 

1 8 * 

the moleoules, we have 


(U) 


where C* is the mean velocity of 


#4 
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*=C' V y " .(12) 

It is clear that a knowledge of the velooity of sound in a gas at 
known pressure and density, gives us a method of determining 
the mean velocity of the molecules and the ratio of its specific 
heals. 

The following table supports the conclusion arrived at above: 


Gas 

Observed 
Value of 

y 

Mean Molecular 
velocity m./sec. 
c' 

Observed 
velocity of 
sound m./eec. 

V V 

i 

H ydrogen 

I 41 

17-4 x!0» 

12-b6 x 10 * 

12-9 Xl0* 

Air 

1-40 

447 

3-31 

3*31 ., 

CO, 

1-30 

_1 

3 6 „ 

2 67 „ 

2-56 ., 


65. Velocity of Sound in Liquids.—The velocity of longi¬ 
tudinal waves in an extended mass of liquid depends upon the 
bulk modulus of elasticity, K, and the density, p, so that 
Newton’6 formula becomes 

v=y/Klp ... ... (13) 

For water at ordinary pressure 

K= 2*2x 10 10 dynes per sq. era. 

p= 1 gram per o c. 

10»o 

.. v= V-t— em./8ec. 

= 1480 m./sec. 

Since liquids are highly incompressible, they have very large 
values for bulk modulus of elasticity. This more than compen¬ 
sates for their great density and therefore velocity of sound in 
them is relatively very high. 

For water, values lying between 1400 m. and 1800 m./sec. 
have been observed. This great divergence in the result is 
due to the fact that experiments have been performed at 
different depths and therefore at different temperature and 
pressure conditions. The variation in density is not so large as 
is the variation of elastic modulus K* with pressure and tem¬ 
perature. Various impurities also eflfeot the result. 

*K for water increases six fold with pressure increase from 1 te 
JO,OOO atmospheres. 
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Colladon and Sturm in 1826 found the velocity of sound in 
water at mean temperature of 8‘1°C. to be 1435 iu./sec. Recent 
experiments by lonescu in 1924 give its value for distilled 
water at 20°C. and atmospheric pressure to be 1470 m /sec.* 

Explosive waves in water also 6how an increase of velocity 
with intensity but the phenomenon is much less marked than 
in air. 

66. Velocity of Sound in Isotropic Solids.— Solids are 
capable of experiencing various types of strains and therefore 
several kinds of wavee are possible in them. If the substanoe 
is in the form of a thin rod or wire, we have longitudinal waves 
accompanied by lateral shrinkage at regions of rarefaction and 
expansion at regions of condensation involving only Young’s 
Modulus (F), therefore 

J . (14) 

For steel Young’s Modulus, 

• Y =2 14 x 10 12 dynes per sq. cm. 

p = 7 6 grams per c.c. 

• • cin ./ 8ec . 

= 5300 m./sec. 

In extended solids, where lateral shrinkage and expansion 
are not possible, the longitudinal waves are propagated with a 
velocity given by 

u — a / K+ jn . 

-. \~ 7 - . (la > 


(IS) 


where K is the hulk and n is the rigidi^ modulus, (#-f 
denotes what we call Elongati&txal Elasticity f, For torsional 
vibrations the Coefficient of Elasticity concerned is the modulus 
of rigidity and the velocity therefore is given by 

p ••• (I®) 

67. The following table gives the velooity of sound in 
various substanoea. The values in the oase of solids are only 

nosfHnn^^ e> *!• d,fferent vary greatly in their com- 

position, properties etc. 

•Taking this value for velooity, x 10** dvne* n«r an »» 

t8ee a Book oo Properties of Matter. * P q ’ 
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Table of Velocity of Sound 


Substance 

in./sec. 

Substance | 

ra./sec. 

Iron (cast) 

4700 

Water at 20°C. 

1470 

Steel 

6100 

Mercury at 25 C. 

1409 

Brass 

3600 

Turpentine at ] 1 C C. 

1326 

Oak 

4200 

Air 1 

331*8 

Glass 

4000 to 5300 

Oxygen 

317 

Paraffin wax 

1400 

Coal-gas y at 0°C 

490 

Rubber 

30 

CO, | 

262 



Hydrogen J 

1286 


CHAPTER VI 

* / 

INTERFERENCE, BEATS, AND COMBINATION TONES 

^-^68 Superposition of Waves : (Interference) :—Let ua 
now consider the phenomena which result from the superposi- 
tion of two or more wave trains travelling in the same medium 
at the same time. Each, particle of the medium is acted on 
at any instant by two fortes, one due to each wave train. The 

mohou of the particle will he the vector sum of the separate 

mplacements and as a consequence the distribution of energy 
m the medium will be very different from that due to the 
component wave trains. When the forces act in the same 

tion than 1 ^ 6 "/I! bp ahigher .° r de "P er trough or condensa- 
t.on than for either wave train. When they oppose the 

raUv'eronned "T™ '‘ nai9, ' ,rbed Suoh phenomena are gene- 
rally grouped under the name ‘interference’ ^ 

which are Ctt9<!9 ° f 

travel L J W0 Wa T 0} . thr Same ™d amplitude 

avtUing \n the same direction (Coincident Wave Trains) 

e“her «parate wave’* 9h0W “ thi0k b “ "f 

arefn ) opp g osife 1 p lfi S e reP 8 u 9 h n tt t t rh tW ° "T tri ™ * b *° 

the trough of the other and Jfe, SZFfa 0 *?**** ^ 
phase is one-half wavelength Tl j- , th dlfferon °e >n 
other and the medium is motionSs. dl8placement3 °““®1 each 

amplitudes and d4 , e l rence e of 9 Dh'io freqU | enCJ bUt witb arb itmry 
» i'eelf Simple HwmoSic and Z th 7 “ > wave train ^ 
as the componente. The ampldude ofTh “ '“P" and frequency 
>s less than the sum and JSe, th. f .\. h J re3ul, ' lI ' t vibration 
•tudes of the component vibrations. ^ d ’ ff<5rence of ampli- 
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All the above cases may be treated analytically as under :— 




Let 


2tt 

J/j— a, sin — (t>*—ar) 


• • • 


... ( 1 ) 


and 


{ 


2tr 


(«* 


—*) + <£ ^ ••• 


(2) 


w V 

represent the displacement equations of two wave trains of the 
game frequency but with different amplitudes and phases, + 
being the phase difference. The equation of the resultant wave 

train is given by 

8in i vt — x )+ a * sin {'X“ (t, ‘" x)+ * } 

=o. Bin ~ (vt-x) + a, Bin 2 ” (vt-x) cob *+n, cos ^ 

* (vt—T)s\n<t 


=sin — (trf-xKOj-fo* cos <^] + co8 — ( vt ~~ z ) t a » 810 ^ 


Let 


and 


c^+o, oos cos 0\ 

a, sin ^==r sin Q J 

Then y=r ein ~ (trt—*) cos 0 + r oob 2 " (ef-x) sin 0 

A 


... (») 
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sin — (vt^z) cos 0+oos — (trt— x) sin 0 1 
A A J 

27r 


sin [lT (t; *~ *) +tf J 


where r= v 'o l *4o 1 »+2a 1 a t cog $ ^ 

and tan fl= g 7 - [ from (3) 

a \\ a % 003 9 J v 7 

So we have the resultant wave train of the same frequency 
but with a different phase and amplitude. 

Special Cases :— 

If the amplitudes are equal (o 1 = o a ) and the phases are the 
same, ?=°. superposition gives a vibration of double amplitude 
2a [Cate I, (a) above] but if phases are opposed i.e., i> = 180*, 
the resultant amplitude is zero, [Case I, (6) above]. In the 
more general Case /, (c) above, the amplitude may vary 

difference ^ “ d ^ to tha ^ 

.l™ 68 * conoluaiona aro arr ired at on the supposition that 

atcr. 1 ? !? g W T tra,ns are P' ane and nit spread out 
F ° r ln , h 5 6vent ° f “>e lateral spreading out of the 

rfthewav«^l P f if Ua ,‘ ly diminish, and the intensity 

fromfth^eouiroe. °ff inversely as the square of the distant 

™ e -! ra J™ 0f the 8am * frequency and ampli - 
Suoh wZ x \°PP° 8ite .Actions (Opposite Wave Trains). 
in h l trAlDS ® Ve n8e a very important group of 

ary wlvTs^ ThTvTrT^ * nd * re ™ standing or statfon- 

brfeflv ref«rr«H , are ®®P a rately dealt with in Chapter VII and 
Drieny referred to in Arts. 50 and 69 1 

Case III. Two wave trains o/ the same, frequency but cross - 

x y . °* a point (Oblique Wave 
L Trains). 

the wave trains proceed 
X n ~° n 8 AB and CD crossing at 0. 

H « re . we are concerned with the 
n(l ?* ,' velooity} displacement, and th^ 

ent^epathof th^ * ^ f°^ ° f °? nfl ? ence 0 and along the 

enure path of the wave trains. As the wave trains are of 

tWme^bnt 07 ’ h t ^ eir phft8e difference at 0 will be throughout 
t_e same, but, whatever its magnitude, there wiU neverb.« 
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plete annulment in all respects. The following cases are worth 
considering :— 

(a) When the amplitudes are equal and phases are also 
alike t.e., the wave trains make the particle 0 pass through the 
mean position in the direction of the propagation of the waves 
simultaneously. By the parallelogram law of addition we find 
that the resultant will be a linear vibration along the direction 
bisecting the /_AOC. 

(b) When the amplitudes are equal and phase is 180° apart., 
we again find that the resultant will be a linear vibration 
bisecting the /__COB 

(c) With any other magnitudes of the phase difference the 
vibrations of 0 may he reduced to two rectangular vibrations of 
different amplitudes and varying phases The partiole will then 
describe any of the Lissajous’ figures of vibration periods in the 
ratio of 1 : 1 with 0 as centre. Such figures have already been 
discussed in Chapter II. 

We learn that the point of confluence of the wave trains will 
always have some velocity and disolaceraent. whatever the 
phase difference. Since pressure variations have no direction 
but magnitude only, it is possible that condensat*on due to 
one wave train may neutralize the rarefaction due to the other. 
This would happen when the amplitudes arc equal and phases 
opposite. Suppose, at anv instant, O is passing through its 
equilibrium position in the direction OB under the influence of 
one wave train, and in the direction OC under that of the other, 
it would therefore be at the centre of the region of condensation 
due to wave train AB and at the centre of the region of rare¬ 
faction due to the wave train CD. The result will be no variation 
of pressure at O and as regards the effect on the ear, 0 would be 
a point of silence. If however, the amplitudes are unequal and 
phases opposite, the intensity of sound at O would be minimum. 

69 Superposition of Spherical Waves —Suppose A and B 
are the centres of two series of waves of the same wavelength 
and amplitude. In order to obtain two such centres of 
disturbance, attach wires to both the prongs of an electrically 
maintained tuning-fork at right angles to them so that they dip 
lightly below the surface of mercury or any other mobile liquid. 
When the tuning-fork vibrates, each wire sends out concentric 
circular waves. These waves consist of alternate crests and 
troughs. In Fig. 53, crests are indicated by continuous lines and 
troughs by dotted ones. There are certain points marked X where 
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the crest of one wave is superposed on the crest of the other or 
the troughs of the two waves come together ; a half period later 
the crests and troughs interchange places. The result is that at 
these points the waves from the two sources reiuforce each 
other. Such points lie on curves aa\ cc\ etc., denoting a series 
of waves of double the amplitude of the original waves. The 
differences of the distances of the points on any one of these 
hyperbolic curves from the sources must be either zero or a 
whole number of wavelengths. 

Let us call the distances from A and B, d a and <2 B . So in 
general the waves denoting reinforcement are d e fined b; 

d A —dn —n'K, where n is an integer 0, 1,2, etc. 

At the points marked by dots, however, the crest of a wave 
from one centre reaches at the same instant as a trough from 
the other and vice versa. If the waves are of equal amplitude, 
the two together neutralize each other so that the resultant 
displacement at these points is zero. Such points lie on curves 



Fig. 63. 

bb’ t dd' shown dotted in the figure. The difference of the 
distances, of any such point from the two sources is an odd 
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multiple of half a wavelength and the curves on which they lie 
are defined by 

d\ — d n =(2n— 1)A/2, where n=l, 2, 3, etc. 

The two important cases of the phenomenon of interference 
may be illustrated with reference to Fig. 53. 

(t) Along the line BX we have two wave trains travelling 
along the same direction and, therefore, giving rise to a single 
progressive harmonic wave. If. for the sake of simplicity, we 
assume that the distance AB is an exact number of wave 
lengths, the two trains will be in the same phase and the 
' amplitude of the resultant wave will be ’he sum of the separate 
constituents. If, however,- the distance AB is an odd number 
of half wavelengths, the constituent wave trains will be in 
opposite phase and the amplitude at each point will be the 
difference of those due to the two constituents. 

On account of the lateral spreading of the wave trains, the 
amplitudes of the component wave trains will diminish as w© 
go away from the sources and so does that of the resultant. 
The intensity of sound will, therefore, fall off as we pass on out¬ 
wards along BX or any of the hyperbolio curves. 

Standing Waves.—In the region between A and B we 
have two wave trains going in opposite directions. Let us 
confine ourselves to points a, 6, c, where the hyperbolio curves 
referred to above, cut the line AB (Fig. 54). Starting at A, 
which is always in vibration we come to the point, d, on a 



curve denoting interference where the disturbance is minimum. 
At c. the vibration is once more a maximum, at 6 a minimum. 
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and at a another maximum. Moreover, if two troughs meet at 
« two crests must be meeting at c and so on ; so that a is 
always in opposite phase to either point c. These are the 
stationary or standing waves (see Chapter VII). They do not 
advance but oscillate up and down with alternate segments in 
opposite phase Between these, there are points like b and d 
which vibrate very little or not at all, but where the pressure 

changes are maximum. These points are called Nodes while the 
segments between them are called loops and their centres a, and 
c, Antinodes where there is maximum motion but no change 

of pressure. 

70. Energy is not lost in Interference. - The interference 
of two sets of waves does not involve loss of energy as might be 
expected. When there is complete interference at any point, 
there is no motion of the medium and no energy at that point. 
The energy of the two interfering wave trains is neither lost 
nor destroyed, but is transferred to neighbouring points whete 
they meet in the same phase, and the amplitude becomes twice 
that due to a single wave. At these points the energy of the 
resultant vibration is four times the energy of the either wave 
acting independently at such points. There results from the 
interaction of the two waves systems, a different distribution of 
energy but the total energy remains unchanged. 


71. Interference near a Fork. —If we strike a tuning-fork 
and hold it close to the ear, on turning it round its own stem 
between the fingers we hear alternations of loudness and 

softness four tim^s in 



e' 



/°\ 



o 

Fig. 55. 
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'F* 


each rotation. The 
same phenomenon is 
observed, if the ear is 
moved round the fork. 
This is due to the 
interference of the 
sound waves originat¬ 
ing at the prongs. Let 
us see how 1 When the 
prongs of the tuning- 
fork move outw&rdis, 


they transmit condensations in the direction AE and BF and 
as the distance between A and B increases, simultaneously 
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a rarefaction is sent in the directions OC and (>D When the 
prongs move inwards, the reverse happens, consequently we 
have two sets of waves in opposite phases In the four 
directions OE, OF , OC and OD we have maximum ampli¬ 
tude and, therefore, maximum intensity of sound. Along the 
directions shown by dotted lines the two sets of weaves interefere 
and produce silence, for in these directions condensations from 
A and B arrive at the same time as rarefactions, therefore they 
neutralize each other producing zero amplitude and therefore 
no sound. 

72. Quincke’s Interference Tube. —In a more direct 
method of demonstrating interference bet ween two trains of 
sound waves we make use 
ol the branched tube shown 
in Fig. 56. A tube. A ,divides 
into two branches £»' and T 
which reunite at L. The 
part T of the tube is made to 
slide telescopically over the 
other part so that the length 
of the part ATL can be 
varied. A tuning-fork, F, of 
high pitch say about 1000 

p.p.s. is placed over the end Fi£. 66. 

A and a rubber tube attached to a side tube at L, is used to 
convey to the ear the sound which arrives at L via the paths 
ASL and ATL. If the sliding tube is adjusted so that the two 
patlis are of the same length, the waves take the same time to 
travel by the either path from A to L and therefore the two sets 
always arrive at L in the same phase. They will, therefore, reiuv 
force each other at the ears of the listener and produce a lou^f 
sound. If now T is drawn out so that the path ATL is made 
longer than the path ASL by A/2, the compression of one path 
arrives at L at the same time a» a rarefaction of the other; there 
will be complete neutralization of i he two wave trains and no sound 
will be heard at L. Drawing T still further out. the sound is 
again heard till when the path difference amounts to one wave¬ 
length, it reaches a maximum. Thus, according as difference 
of both branches amounts t<> an odd or even number o f . half 
wavelengths, we have destruction or reinforcement of the two 
wave trains. The experiment besides illustrating interference, 
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provides a good laboratory method of measuring the velocity 
of sound in a tube. Adjust the apparatus so that the two 
paths ASL and ATL are equal. Next draw the sliding tube 
out till the sound is reduced to a minimum. Measure the 
difference in the two paths. This is A/2, hence A is known If 
n be the frequency of the fork, t;=nA- 

The student might ask what has become of the energy of 
the sound waves in this case. The answer is that it has been 
reflected from L back to the end A. As the two wave trains 
are in opposite phase at L, there are no variations of pressure 

at this point. We shall find later in the case of open organ 
pipes that it is on account of this condition of no variation of 
pressure at the open end that reflection takes place with a 
reversal of phase. Here L is acting similar to the open end 
ana reneots the sound energy back to A. 


73. Interference by Seebeck 

interference may be easily ; 
demonstrated by means of a A 
tube AB stoppered at the 
end B by a movable piston 
and with a small side tube, 

L, near the end A. A rubber 
tube attaohed to L conveys 
the sound to the ear. A vib¬ 
rating tuning-fork is placed 

ft riGA A ^ 




paenomenou 


A 


n 


^ --© —v,. 

close to the end A On nmn. 1 . p *«- 67 - 

end B, when 2BO = A * adjU8tmg the P iston the 

2 or any odd multiple of h/2, we hear no 

trains, one going direct from'Vt, W ° WSVe 
to the end B, gets reflected there and af h ° ° ther which 8 08<l 

—A/4, the two wave trains will h„ 8 - am con ? es '<> if 
will neutralize eaoh other Th .. “ °PP°“'to phase and 
tbe wavelength and Z a Lj e X “°‘ h ° d “7 >> a -eed to find 
frequency of F is known. The method T °?L V °f SOUnd if the 
the volume of the air involvedhein d ha8 „ the advac tage that 
and humidity can be kept oonstlnt f h Smaller ’ lts tomperature 
be adapted to the determinationofth arr ? n S e “‘>nt can also 

gases other than the air. of the velooltlM of sound in 

years la^e* —During recent 

^° a Qaed m foggy weather for 
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signalling from light houses or light ships for the safety of ships 
At 6ea. It has been noticed that during foggy weather light 
cannot penetrate to long distances but if a powerful siren is 
blown steadily, the sound can be heard at much longer distances. 
Tyndall and others have demonstrated that the home peneous 
medium of the fog instead of being an obstruction is more 
transparent to sound waves and particularly beneficial The 
fading of sound, as we shall see later, is due to the disconti¬ 
nuities in the composition in the atmosphere arising from 
temperature diff< renees. convection currents or humidity vari¬ 
ations etc. Tyndall while experimenting on fog signals noticed 
that sometimes a ship finds itself in a zone of silence, a signal 
being audible, for example from, 0 to 2 or 4 to 6 miles but quite 
inaudible from 2 to 4 miles. Such Zones of Silence are due to 
the interference of sound waves. 



Fig. B8. 

Suppose a siren S is installed on a light-house and a ship 
A is approaching towards it. Two wave trains reach the listener 
L, one along the direct path SO and the other via the path 
SMO after reflection from the surface of water. Jf these paths 
differ by >/2 or an odd multiple of >/2, the two wave trains 
annul each other causing silence. If the ship comes nearer, 
the difference between the two paths alters and the sound 
becomes audible again, reaching a maximum when the path 
difference between the two wave trains becomes an even number 
of halfjyavelengths. 

\J&. Superposition of Harmonic Waves of nearly the same 
Frequency (Beats). —If two wave trains of nearly the same 
frequently are travelling along the same line in the same 
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direction, the condition at any fixed point is continually chan*, 
ing and the resultant displacement alternately waxes and wanes 
in amplitude on account of the wave trains getting in and out 

0 ® n> at * r mtervals - If at a given point they are in the 
same phase, the condensation or rarefaction of one falls on the 

or ^refaction of the other, the result is that 

tndn if “ ax ‘ mu “, dl8tur L ba °ce. Now, as the wavelength of one 
' * 9 flhorter than that of the other, they gradually get out 
of step, the wave tram with shorter, wavelength lagging behind 

„;„ ot r 01 r t,a " r % certain numb ° r ° f 

5rss?i£; 

1 ^ 53 z 

s ly T t: he r 

Th b6tWee V maiim ° m minimum Got 
when* th 5,“** ’ T . hey ma ^ be graphically depiotedas in Fig 69 
the thm °° Dt,DUOU8 c ' lr ™ and the dotted curve reprt^t’ 




t r. Fi «- 

A ZyRSLttESlZZ ia thp rati0 of 6 = <• 

waves of the other In th ft u ? superpose over four 

•tep and mint each otSer AtTth B T h ° 0< i ^ ^ are 

AtOthey again" agree in Z ? U ° , annul each other, 

other. The resultant wave . th f. relore , reinforce eaoh 

continuous curve showing olearlv the '° a ^ d b y the thick 
trom thla We see that during the inter, ^ a " at,on8 >n amplitude, 
one wave train gains one vibration ^ between A and V when 
produced. If the frequenoieaof thl l . th ? other . one beat is 

thn«^> mS * 1 ~ n * v ' br ations over the JtheMn 8 *** ” l andn «* tbe « 

8 “ gaiM 008 vibration,°thetwo 'sounds'*are ,n*£ 
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eame phaBe and reinforce each other again ; there are n x —n 3 
maxima/sec. and a similar number of minima/sec. i.e , the fr*. 
quency of the beats is equal to the difference in the frequencies 
of the two notes. These beats play a very important part in 
acoust cal determinations and in the theory of Music. 

Example- The points of the prongs of a tuning fork A 
originally in unison with a fork B of frequency 512 are filed, 
and the forks produce 5 beats per sec. when sounded together. 
What is the pitch of A after filing ? 

Originally A and B are in unison, therefore the frequency 
of A is also 512. The filing of prongs results in a reduction of 
the mass and hence a rise in the pitch of the fork. The 
number of beats per second denotes the difference in the 
frequencies of the fork. Hence the pitch of A after filing 

=512+5=517. 

Mathematical Treatment of Beats. —Let n, and n, 

be the frequencies of the two sources. For simplicity, let us 
suppose that the two sources are in phase when $=0, and their 
respective amplitudes are equal. The corresponding vibrations 
are represented by 

y x «=a sin 2rr n x t ... ... ' ... (1) 

and y,=a 8 i Q 2w nft ... ... ... (2) 

The resultant displacement is given by 

y=y,+y t =a sin 27r7i 1 J-i-a sin 2-nnJi. 

Applying the well-known theorem in Trigonometry 


sin .4+sin ,B=2 sin 


A + B A-B 
2 C08 2 ' 


we get 

y=2 a sin 2 rt (*—cos 2 n ( 


= 2a cos 2 „ ( n '- n ‘)t sin 2, 


This represents a periodic vibration of amplitude 
2o cos 27 t (“Sj"*)* w *fh a frequency 


Let 2a cos 2m ^be A, then 

y=A sin 2 n 
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The amplitude, is not constant but slowly changes with 
time, the maximum value being nearly 2a and the minimum 
value 0. Let us calculate the interval between two successive 
maxima or minima. For a maximum 

-n («! — n t ) t—k -n , where k= 0, 1, 2, 3, etc. 

• • 


or 




n, —7i 2 


— 0, ~ 


^1 ^2 ^1 ^2 ^1 


and so on. 


Time interval between two maxima=—-— 

n i“V 

or ^ the frequency of maxima = «, —w, 

For a minimum value 

n \n x - n % )t = kTT-\-irj2, where k=0 , 1, 2, 3, etc. 

• 1 


*i2 (Tij — n 2 ) 

1 3 


5 


and bo on. 


2(» 1 -»*y 2(7t,-7i 8 ) 2(«j—n a ) 

80 that the minima are regularly timed in between the maxima 

— A 

or their 


\ 

and the interval between two minima is also 1 


frequency=«j n,. ** ** 

Since the interval between successive maxima and that 

between successive minima is -i— sec, the frcquenoy of the 
beate = (nj—- n t )/eeo. 1 * 

m ? eDC J " e ma ? 8ay , that the r ^»‘tant of two simple Har- 
momc vibrations of nearly equa! frequencies may be regarded 
approximately a simple harmonic vibration whose frequency is 

s"3s£'S. » 

S .s ,i rr A“5r% - "r,-?,“• 

iuL. 1 £"Xs 1 u .“"p'S.™™. T ,m •“'* 

disturbances remained at the same H and minimum 


no 


A TBXTBOOK OF SOUND 


and minima with time. At a given place we had either no 
sound or maximum sound whereas in the case of beats where 
we have two sources of slightly different frequencies, a periodic 
waxing and waning of sound is perceived. These maxima and 
minimi travel onwards and can be heard at all places at diffe¬ 
rent times. In other words, we have with sounds of equal 
pitches throughout time, places of maximum and minimum 
effects ; with sounds of slightly different pitches we have 
t hroughout space, times of maximum and minimum effects. Th* 
former is a case of ‘permanent interference* and the latter 
teing always meant by the term ‘beatt’. Referring to Fig. 54, 
we have noticed that the points lying on the ‘ hyperbolas' ar* 
either permanently in a region of silence or in a region of 
maximum sound. Such stationary ’nterference effects are easily 
observable in the case of light waves 

Io sum up, for permanent or stationary interference pattern 
between two sources it is necessary and sufficient that the tiro 
sources must he of exactly the same pitch and that they must 
have a constant phase relationship at all times, whereas for 
beats or which is the same thing that the interference pattern 
should be moving, the two sources must be of slightly different 
frequencies. In this case a procession of ‘nodes’ and ‘loops’ 
past the ear produces a sound of rising and falling amplitude. 

78. Combination Tones. —So far we have been discussing 
composition of wave trains with a small amplitude and in 
which the restoring force is proportional to the displacement so 
that the ordinary vector law of addition holds good. But. when 
two primaries or pure tones of frequencies m and n are loud and 
sustained, tones of frequencies other than the primaries and 
their harmonics are produced, they are called Combinational 
Tones, for their existence depends upon both. These tones arise 
from the failure of t.he ‘Principle of Superposition*. The most 
important and the easily recognizable of these tones is the 
First Difference tone of frequency n—m. It may be easily heard 
when two organ pipes or flageolets are strongly blown together 
close to the listener, especially if the ear is previously prepared 
for the pitch it is to hear. This difference tone may produce 
with the first primary a second difference tone of frequency 
*—2m and a third difference tone of frequency n—3m and 
so on. There are also vibrations of frequencies equal to th« 
sum of the original vibrations called the Summation Tones , the 
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first summation tone of frequency m-j-n, second summation 
tone of frequency 2m-\-n or m+2n and so on. Besides there are 
lelf-combination tones of frequencies 2m and 2n. Theoretically, 
a large number of these tones are possible but the First 
Difference tone is easy to hear, as it is pretty loud, while the First 
summation tone iB weak, and difficult to hear. The rest are too 
faint to be audible. These tones were first observed by an 
Italian violinist Tartini and therefore, are sometimes called 
‘Tartini Tones’. 


79. Origin of Combination Tones- —Much controversy 
has been going on regarding the origin ol these tones. The 
problem was to decide whether the tones have objective 
existence, *. e., there is present in the air a vibration of the 
frequency equal to that of the combination tone or it iB merely 
a subjective effect, *.e., an interpretation of the brain only. 
According to Koenig and several others, the first difference 
tone is merely the ‘Beat Tone’ The faot that the frequency of 
this tone is equal to the frequency of the beats, led them to the 
supposition that the beats themselves merge into a musical 
note. But this view in.the first place leaves the summatioDa) 

T/v, nt ^ ly , unex P laiDe d and secondly it cannot be reconciled 
with the Ohm s experimental law, accoiding to which the only 
tones, w hich the ear caD bear, correspond to the pendular vibra¬ 
tions of the ear. To understand it dearly let us see how the 
car perceives the sensation of a to D e A tone is ordinarily due 

™ CCee8 ‘°. n ,° f Buch that the air - in the first half of 

the™™ ! 8 d, !P aced ( orwardB 8nd the pressure is in excess of 

wards Zl lt,e Whl 6 “ the Bec ° nd half the air > B displaced back- 
2 ‘ he pre . 88ure “ 111 d efeet- These excesses and defect. 

mean ^ di.nl 6en8a1 ‘ on ° f in each half of a beat the 

" rll T ™' the 8,r i9 Zer ° and the mean Peeler. 

pro™ 1 I urea ? ”° "T* 8UPP ° 8e thftt mt>rB '°“ d “ BB8 
prociuces a pressure on the drum of the ear inwards while a 

wh“ch C wouldTnn a ea^ Xati0n ™\ Teturn outwards, suppositions 
& tone of thpir^ f beats are to produce in the ear 

^ 1 o Lt , r„d™ e »uw But - etated - ° uch 8uppo8i «™- 

atian” Jn!l re ' y d, ’ ff ? rent explanation of this and other oombin- 

bas been rive^bTHelmfT^ 8UF K 08 j tion with r 'g«d to beat, 
that with an unsym^netrio^ mLb Mathem t tl0al Bnal - TB ' 8 shoW8 
.ar or a limited air cavity subjected *% 


A TEXTBOOK OP SOUND 


112 

force is not proportional to the displacement. When two 
harmonic forces of different frequencies act on the membrane 
or the cavity, besides producing self-combination tones they 
produce vibrations having frequencies equal to the difference 
or the sum of the components. 

Helmholtz experimentally proved that under certain similar 
conditions the combinational tones existed objectively, indepen¬ 
dently of the ear He showed that the condition for the gener¬ 
ation of the combinational tones was that the same mass of air 
should be agitated violently by two simple tones simultaneously 
J his occurs in the case of harmonium or his ‘double siren’ if the 
tones are produced by two series of holes blown upon from the 
same wind chest. He showed their objective existence by the 
aid of his resonators and sympathetic resonance of membranes 

tuned in unison with them. 
On experimental basis 
He'mholtz asserts that when 
the places in which the two 
tones are struck, are entirely 
separated and have no mecha¬ 
nical connection as, for 
example from two separate 
wind instruments, the reinfor¬ 
cement of combinational tones 
by resonators is small and 
dubious. Here then there 
does not exist in the air any 
clearly sensible pendular vib¬ 
ration corresponding to the 
combinational tone and we 
must conclude that such 
tones which are often power¬ 
fully audible are really pro¬ 
duced in the ear itself. 

80. Rucker and Edser 
Expt — Profs. A. W. Kucker 
and E. Edser performed ex¬ 
periments showing conclu¬ 
sively the objective reality 
of the difference and sum¬ 
mation tones supporting the 
conclusions of Helmholtz. 

Fig. tin. To produce the generating 
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tones Helmholtz’ double siren (Fig. 60), was employed. It 
consists of two ordinary sirens mounted facing each other on 
the same axis. Their revolving discs are carried at the ends 
of a common spindle which operates the counter. Each disc 
«nd the corresponding wind chest are pierced with 4 sets of 
holes arranged in circles 10, 12, 15, and 18 in the lower and 
8, 9, 10 and 12, in the upper. One or more of these circles can 
be put in use by means of stops fitting into the side of the 
instrument and the frequencies of the tones produced by 
them can be adjusted at will. Both sirens are blown from 
the same air chest. 

The resonator to respond to the combinational tone was a 
tuning-fork of frequency 64. The siren was adjusted to give 
a different tone of frequency 64 and placed in front of a Koenig 
resonator R. The sound waves were picked up by a large 
cone C and concentrated on a prong of the tuning fork via 
the narrow apex. This prong carried a small strip of wood, W , 
to compensate for the mirror, m, of an equal mass attached to 



Fig. 01. 

the other prong. This formed one of the mirrors of the Michel- 
son and Morley’s interferometer* which was uBed to detect the 
motion of the prong. MichelsoD’s interference bands were pro¬ 
duced in the telescope (see any textbook on Physical Optios) 
A movement of the prong of the fork F by quarter of a wave¬ 
length t.e., mm. would alter the path of one of the inter¬ 
fering beams by half wavelength the bright bands of the inter¬ 
ference pattern would occupy the positions of the dark bands 
and vice versa. So even a vibratory motion of this amplitude 

would continually interchange bright and dark bands causing 

them to dis appear. It may be noted that none except the 

•As the tuning-fork is relatively diffioult to exoite by’resonanee it 
was necessary to use a delicate method of detecting its motion, if preset 
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pendular vibrations of the 8affie frequency „ fork ^ 

against accidental dtaturbanres^tSTStem***/ and t0 pr0 ' i(le 
embedded in a lead block L and bothThe hi th ® tun ' n K fork w “* 
ferometer were mounted on a h^avyatone ^ 

For small intervals between tho 

difference tone and the Koenig’s beat tone wo^lTagL^ pitlh* 
but for large intervals the difference tone won hi «till P , 
to the difference between the pitches of the two primar.es wbife 
the beat tone would be the difference between the pit" b of the 

ttt P ‘f C th°V h : d ' fferent ^ - maintained ^ 

hat of the beat tone was changed from 64 to 12 8 In nil 
£7,the objectivity Of the different tone audit that If the 
beat tone was proved, l’he siren was next adjusted to give a 
summation tone of 64 and in each case the interference bands 

ZT&BZ. ^ reSU “-’ ° f «“ 


No. of boles in 


Hiren 


JO and ft 
12 and 0 


TabU 

Pitches of combina- 

Pitches of fcion tones Pitch of Koenig s 

tones produced detected by the beat not© 

fork 


Summation 

Tones 


36-5 and 28 4 ; 64 
36 67 and 27 43 64 


12 and 10 
16 and 12 
16 and 9 
18 and 8 


384 and 320 
320 and 2.16 
160 and 96 
115*2 and 61-2 


Differential 

Tones 


64 

64 

32 

12-8 


These results were later confirmed by Prof C. V. Bovs 
using a specially sensitive mirror resonator. Helmholtz was 
therefore correct in stating that the siren produces two objec¬ 
tive tones of frequencies equal to the difference and the sum of 

the frequencies of the original tones and Koenig’s explanation 
is therefore untenable. r 
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80a. Sir W.H. Bragg* has recently given attention to the 
conditions which must be satisfied in order that the combination 
tones ©ay have objective existence. The underlying principle 
is very simple. “When vibrations of two different frequencies 
are imposed upon a medium as, for example, when two tuning 
forks are sounded, the chord consists only of the imposed 
frequencies and there are no combination tones in the air. 
But if during the production of sound the amplitude of one 
source depends at every instant upon the amplitude of the 
other, the combination tones appear. In the first case the 
disturbance in the medium may be represented by 

a sin 2rr mt-\-b sin 2m nt . 

In the second case, there is sure to be a term of the form : 

2c. sin 2n mix sin 2-n nt, 

which is equal to 

c, cos 2m (m—n)t—c. cos 2n (m+n)f, 



Fig. 61 (a) 

and the combinational tones have an objective existence. 


Tol.*.«™ (Sr “ ‘ h ° *** I “ tilU ‘ i °" 011 
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This conclusion is readily illustrated by experiment. 
In Fig. 61 (a), A represents a coil seen edgeways, through 
which either a steady current a, or an alternating 
current a sin 2n ml can be made to run. B ib a smaller coil at 
right angles to A ; the centres of the two coils coincide. 
Through the second coil, either a steady current b or an 
alternating current b sin 2 tt nt may be made to run. The 
second coil can turn about a vertical ax’s which is perpendicular 
to the plane of the diagram. T is a cylindrical tube in which 
a slider IS is mounted ; the slider contains a piezo-electric 
microphone connected to a loud speaker. When B vibrates 
about its axis, which it must do if there are currents in the 
eoils and one or both are alternating, the disc D flutters 
before the mouth of the tube. The tube, as a resonator, can be 
tuned by moving the slider. 

In an actual experiment, the current of frequency m=2 50 
was taken from a high-frequency generator, that of frequency 
n = 50 was drawn from the lighting circuit. When the current 
in A was alternating and that in B was steady, the resonator 
responded to the 250 note. When the current in B was 
alternating, the response to the 250 note became much weaker 
but the resonator could be made to respond strongly to either 
200 or 300. The torque on the B coil was proportional to 

sin 2 tt. 250. <Xsin 2n. 50. t, 
i.e. to cos 2n. 200*—cos 2™. 300.*. 

The way in which a detecting apparatus can generate 
accessory tones may be illustrated by the following example 
(Fig. fll (6)]. 



Fig. 61 (6). 

Suppose that a piezo-eleotrio cell is inserted at the end of a 
short cylinder, and that a piston executes a harmonio motion, 
so that the volume of the air may be put equal to v=v 0 -\- r 1 
sin 2rr ml. 

Then the pressure p, supposing the motion to be isothermal 
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(though it makes no difference to the general result if it be 
taken as adiabatic) is given by pv — c, a constant. 



c 

Uo+u 1 sin 2n rnt 




sin 2n mf\ 1 
v o / 


> 


and this when expanded shows overtones, although the piston 
itself moves in a simple harmonic motion 

If there are two pistons operating on the one chamber. 



v 1 sin 2rr mt 


v 1 sin 2 t t nt\~ 1 

+—t / ; 


and this when expanded shows a system of combination tones. 

The variations of pressure can be converted into a complex 
sound in which the tones appear.” 


81. Beats caused by Difference Tones-—Sometimes we find 
that even two notes which differ too much in pitch to beat 
directly, when sounded together, give rise to beats. This can 
be easily demonstrated by taking two tuning-forks nearly an 
octave apart mounted on resonance boxes. If they are an exaot 
octave apart, the frequency of one of them may be slightly 
altered by attaching a small quantity of wax to its prongs 
On sounding the two together beats will be heard. 
Let us see how the beats are explained ? If m and n 
be their pilches such that n—2m nearly, n—m=m nearly and 
beats oan be heard between this difference tone and the origi 
nal tone m. Suppose one of the forks has frequency 256 and 
the other 510, the first difference tone will have a pitch 510—256 
=254, and this will give two beats per seo. with the note of the 
lower fork. These beats can be made use of in tuning th& two 
forks to an exact octave. If the forks are adjusted until the 
beat* disappear, the pitches must be exactly in the ratio of 2: 1. 
Also if m=256, n=764, the second difference tone n—2m = 
764—612 = 262. This gives 4 beats per sec. with the lower fork. 

The difference tones play a very important part in the 
ooncord of musical intervals and we shall deal with this point 
in Chapter XIII. F 




CHAPTER VII 

/ STATIONARY WAVES 

type of lave phenomenon'Sy rlfened 'lo *TaZ 69^in 




Fig. 62. 

whioh two similar and equal wave trains travelling in opposite 
directions in a straight line with equal velocities superpose over 
each other and give rise to what are called stationary or s tan d* 
ing waves. 
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The method of production of these standing waves can be 
understood by the aid of Fig. 62. P and Q are the two wave 
trains travelling in the directions indicated by the horizontal 
arrows, the transverse arrows denoting the velocities of the 
particles in magnitude and direction. Such two waves trains, 
as you will learn later, represent at a certain instant the inci¬ 
dent and the reflected waves respectively in an open organ 
pipe or in a string free at the other end and by superposition 
give rise to stationary vibrations. 


(») At the instant when the two component waves have the 
positions represented in the figure, the resultant wave will have 
no displacement at any point along the line of transmission [Fig. 
62 (»)]. The crest of one wave coincides with the trough of the 
other at every point. The displacements due to the component 
waves being equal and opposite, the resultant curve is a 
horizontal straight line. Although all the points are passing 
through their equilibrium position, yet the points marked N lt 
N 3 etc., which are simultaneously at the crests and troughs 
of the component waves have no resultant velooity ; whereas 
the points like C and D in the component wave train whioh are 
also passing through their equilibrium position have velocities 
in the same direction. At such points marked A v A lt A t . etc., 
the velocity of resultant wave train is equal to twioe the 
velocity of the points C and D. 

As the component wave trains advance in their respective 

directionsf, the point E in the wave train P will arrive at N, 

simultaneously with the point F of the wave train Q The 

resultant displacement is zero as the component displacements 

are equal And opposite. Since the transverse particle velocities 

ZL i m A he °PP° 8it « direction the velocity at N t will also be 

ZZ aT a l T d8 the velocitiea and displacements of the 
Point N v due to the wave trains P and Q will always differ in 

phase by n. Thus it appears that points N lt A T a , N, will remain 

permanently stationary. Those points are oalled Nodes. 

thrinl Aft A q ' iarfcer V me P eriod wave has travelled 
thr ough a distance equal to quart er wave length* the troughs 

further the ^ave train Q extend, 

wave velooity; gh ® nd 18 be,ng drawn towards the left with the 

expected to drf^them for r f ° U °T mg °“ M * The atud ent u 

formation of the re«ndteS wIv^ * 0,ear ^eretaading of the 
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O and H will simultaneously arrive above A 2 , so the resultant 
displacement at this point will be at its maximum value being 
equal to twice the value of either of the component waves. 
All the particles are at the extreme ends of their swings and 

momentarily at rest The resultant curve takes the form shown 
in Fig. 02 (it). 

(lit) After half time period from the beginning, when each 
wave ha9 travelled through half a wavelength, the conditions 
with respect to displacements and velocities of the particles in 
the resultant wave are represented in Fig. 62 (it). All the 
particles are age in passing through their normal positions. The 
velocities at. the point A v A 2 , A St etc., are again maximum but 
in the reversed directions. 

(iv) After another quarter period the resultant curve takes 
the shape shown in Fig. 6'-* (iv). As a result of the super¬ 
position of.the component waves all the particles are at rest 
again and the displacement of each is maximum but in a direc¬ 
tion opposite to the corresponding segment in Fig. 62 (tt). 

After moving through another quarter wavelength, the 
component wave trains will give rise to a train identical with 
that in the beginning so that the resultaut displacement and 
velocity will be as indicated in Fig. 62 (t). Tt has been noticed 
that the points A v A it A 3 , etc. suffer maximum displacement, 
fcuch points are called Antinodes. 

83. Characteristics of Stationary Waves. — (1) Every 
particle excepting nodes oscillates in S. R. motion with the 
same period as the component waves but the amplitude 
varies continuously along the line assuming +ve, zero and —ve 
value. 

(2) The medium splits up into segments, all the particles 
in the same segment being simultaneously in the same phase 
but in opposite phase with the particles in the consecutive 
segment. 

(3) Condensations (crests) or rarefactions (troughs) do not 
advance as they do in a progressive wave and consequently 
there is no advanoeof wave energy in either direction i.e., the 
transmission of energy across any plane is zero. These con¬ 
densations and rarefactions appear and disappear at the 
same place to be succeeded by opposite conditions every 
half period. 

(4) Nodes are the points where displacement and velocity 



STATIONARY WAVES 


121 


are zero, but strain i. e., change in density or pressure is 

alternately Min.? 7 f betWeen ,Lem antinodes which dre 

veC a ;t t p z :r 6 trl raax ' mum disij,aceffitnt - d —m 

hv <® ) . The 8 enerai appearance of the wave can he represented 

%:Z%ZZe U tW1Ce in ea0h peri0d a11 tbe P-ioL Xln'k 

minimum'v„ t , he l particle \ are ha7,ni ? their maximum and 
maximum wh Vk" “ th ® Same time ’ the velocit y being 
and zero when th 67 ar ® pas T g throu g h their mean position! 
either side nf ‘ h ® y - "5 at the extre,nes of tbeir swings. On 

4 ft red^med* to* zero portion- 

stationary** wave^em-iP th aD<i ^ “ whioh th. 

those of the component waves® 868 "® the 831116 “ 

density ^ of‘the ™ e rtiWe!, 0 "f Ud , in ’‘! t 8 t ?r ti 0 r nary WaV68 the W 

*'C., regions of Lndpn P e P eats ltse,f after every wavelength 
alternately. Furthe^ ; ar . efacti °n8 ar ® situated 

advance forward in th« h . c . hange ® f lin . ea r density does not 
ohange in its magnitude 13 °T^ * P ro P ortional 

normal density evwywhere Thi^ P ° 1 “ t T ? 9 ' lhm Z ,n a ara te of 
and the air hi at eadi Th,8 . occurs t , wice ^ each period, 
to move in the Zme £ v L e, ? clt y- It continues 

and the nodes towards whirh^ Wlt \ d j““«hing velocity 

ontf cotdetrar^r l SK£ 

-nts begin again but -ve- 

wav^' i^ge n trl| e wi£lf OVe the formation of stationary 
<*) w hen the component areference to the two typi 

*» and ar! To^d^K 0 

impulses along a rone „,V!^ d by aendm g properly timed 
‘he latter are termed ZL i r” 8 ,°S® 6nd of whioh ™ fixed and 
86 ‘ K* a vibra ‘i°g Vibrati °™. as are 

wave traiM 7P ^nn!ng roppo r sfe U dV° f®of similar 
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shall first consider the formation of transverse stationary 
vibrations in strings. 

85. Reflection of Waves in Strings. — Suppose a crest is 
sent along a string of which one end is held in the hand 
and the other end is tied to a hook in a wall (Fig. G3). When 



Fig. 63. 

the hand is jerked so as to send a crest along the string we find 
that the particles in front of a crest pull up those ahead of them 
and thus the crest advances. As the crest approaches the hook, 
the particles in front of it are rising and in so doing, the string 
exerts an upward pull on the hook. By Newton’s Third Law 
of motion the hook exerts an equal downward pull on the string. 
This is equal and opposite to the force communicated by the 
hand in sending the crest along the string. As the hook is 
fixed this force is greater than the normal reaction exerted by 
one position of the string upon another. Consequently the 
force gives rise to a trough which moves away from the hook. 
Similarly, it may be shown that a trough is reflected as a crest. 
Whenever a wave id reflected from the fixed end of a string . 
crests are reflected as troughs and troughs as crests. That is. 
there occurs a complete reversal of phase as indicated. If 

y = a sin — (vt—x) is the equation of the incident, wave then 

^ . 2tt 

the reflected wave will be represented by y= — a sin ^ {vt-\- x), 

— sign of a indicates that the amplitude is reversed, a crest 
returns as a trough. The change in the sign of x is due to the 
fact that the reflected wave is now travelling in the direction 
opposite to that of the incident wave taken as +ve. 


! 
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If the string is free at the other end a crest returns 
as a crest and a trough as a trough. Suppose the end 
B is free and a crest is first reaching it. B will be jerked 
towards the right by the arriving wave and as it is 
free to do so it will acquire a velocity towards the right 
as if a pulse had been communicated to it by the hand 
and so it sends back a crest towards the right. 

Hence the equation of the reflected wave is given by 


y=a sin — (trt-f x). 
A 


<t} 


. ... Fig ' w * 

86^Stationary Vibrations in Strings.— Consider a string 

fixed at the end B. C 

Suppose waves are 

•ent along it and at 

any instant, the shape A-- Q 

of the incident wave 

is shown by the thick O 

lined curve Fig. 66 C C 

(a). To get the posi- 

tion of the reflected n \ 

wave in the strmg at A \. ° / 

the iustant consider- i&) (o 

ed, imagiae the direct p D 

wave to be optioally Fi 66 

tT 10 ®' '? AB wheQ it will take the shape repre- 

r d „ m .-" g - V b) t nd the ? in 00 ■ After theB0 ‘wo imagin- 
y reflections the shape of the ourve is shown in Fig. 65 (o) 

reflect “ 0n T f n thi9 Wav ® 10 the left of CD is ‘he required 
eflee^ V ®' • Th ®- sa P er P<«ltion of the direct and the 
reflected waves gives rise to stationary undulations. 

. a -1 ^°m, r 9ta « ea at intervals of a quarter period have 

w^asSaTjfflEsirS 
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ing the direct and reflected wave trains and represents the 
steady vibration of the string with double the amplitude of the 
either constituent. It will be noticed that the phase of the 
reflected wave at the fixed end is always such that the resultant 
displacement at the interface due to the direct and the reflected 



Fig. 66. 

waves is zero. This is a nodal point. At this a point a crest 
due to one wave is meeting a trough due to the other. Such 
points are indicated by N v N a , N 3 etc., in the diagram. 

At points A 1% A 2 , A 3 , e«c., either two crests or two troughs 
are meeting. These points are antivode/t 

A quarter period later, stage (w), the crest of one wave 
train coincides with the trough of the other i.e., the two 
constituents are in opposite phase and their ordinates will, 
everywhere, be equal and opposite. Hence the resultant curve 
is simply a straight lino. The string will be in the equilibrium 
position everywhere at the moment. 

In stage (tit) again a trough falls upon trough and a crest 
upon crest but they have interchanged positions with respect to 

stage (t)- 

In stage (tv) there is a coincidence of a trough with a crest. 
Proceeding further we find that there will be a repetition of 
these four stages once in each time period and so on. The 


STATIONARY WAVRS 


125 


nodal points X v A'., A*, are permanently at rest, whereat the 
antinodes A v A ,. d, liave maximum displacement and velocity. 
The wavelength is equal to the distance between alternate 

nodes or antinodes. 

The segments of the string vibrate from side to side, all the 
points in the same segment being in the same phase but in 
opposite phase with the neighbouring segment. 

87 Reflection at the end of a pipe.— Before we consider 
the formation of longitudinal stationary vibrations in air, let us 
see how reflection takes place at the closed and the open end 
of a pipe :— 



l'i® U7 


(») Closed End.—Let PQ be a pipe closed at the end Q 

upon which a train of waves is 

incident normallv. Since the end 

• 

is rigid, none of the energy inci¬ 
dent upon it can be transmitted 
forward so that the laver of air 

W 

in contact with the end must 
remain permanently at rest, for 
if it moved away there would be a vacuum towards the right 
and almost normal atmospheric pressure on the other side. 
Hence when a compression reaches the cl<i6ed end, the only way 
whereby this layer can free itself from the compressions! strain 
is by sending a wave of compression towards the left. Thus we 
see that a pulse of compression is reflected from the fixed end at 
Q as a pulse of compression and a rarefaction returns as a rare¬ 
faction. In each case the displacements of particles due to the 
reflected wave are opposite to these dne to incident wave. 
The waves are said to have been reflected with reversal of phast 
since the motions of the particles are reversed by reflection. If, 

therefore, y=osin --(rt—x) is the equation of the incident wave 


that of the reflected one is given by y— - a sin— (trf-f x). 

A 

(•'») Open End.— When a pulse of compression is travelling 
m an open pipe the energy transference as in the above case is 
taking plaoe m the direction of propagation till the poise 
arrives at the open end where it meeta much smaller resistance 
than inside. It expands into the medium outside. In doing 
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so .1 more than releases its strain and continues to move 
beyond its normal amplitude. This causes the air behind to 
become rarefied. Thus a wave of rarefaction is sent back in 

e p, * )e ' ^ fir8t tll °ught this reflection of a compression from 

an open end as a rarefaction might, seem to represent a change 
ot phase 77-. But as compared with a reflection from a fixed 
<>nd there is a delay of half a period in the r. flection of this wave 
ot opposite phase Hence in the reflection of a compressional 
wave from the fixed end of a tube, or a denser medium, there is 
a reversal of phase or change of phase 77. In the reflection 
trom the open end or a less dense medium, however, there is 
no change of phase, since the particles continue to move in the 
same direction as the incident wave. Similarly a wave of rare¬ 
faction is sent back as a wave of compression. The equation of 

the reflected wave is given by y—a sin ~{vt-\-x). 

It may be noted that at the open end the reflection is 
partial as part of the energy of the direct wave will pass out. 
into the open air. The amplitude of the reflected wave will be 
less than that of the incident wave so that interference of the 
waves within the tube is net complete. For this reason the 
velocity and the displacement at the nodes is never exactly 
zero. The equation of the reflected wave may therefore be 

taken as y=a' sin [vt+x) where a' < a. 

A 

88. Longitudinal Stationary Vibrations —Contider a closed 
end pipe. Let as before the thin curves of Fig. fib (i) to (»u) 
represent the associated displacement curves of the direct and 
reflected waves and the thick continuous curve their resultant. 
In this case also let us divide the whole period into four equal 
parts and discover the state of the air subjected to such 
vibrations. 

At time t— 0, the displacements are shown in stage (i), 
those due to one wave towards the right are superposed by 
those due to the other wave also towards the right so that 
each particle is having twice the displacement due to either 
wave and is in the extreme end of its swing. 

Also the maximum compressions and maximum rarefactions 
due to the two waves are coincident and the resultant compres¬ 
sions and rarefactions will be double of either but as regards 
velocity there is instantaneous rest. 
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After one quarter period the displacements arc shown in 
Fig. 66 (it) and the maximum compression of one coincides with 
the maximum rarefaction of the other and the\ aunul each 
other. So the particles along the entire wave have linear 
density. But sin^e the velocities will be in the same direction, 
the resultant velocity will be double of either. 

Another quarter period later [stage (tit)] we shall again have 
the two compressions or two rarefaotioDs arrivinz simultane¬ 
ously at a point but as during the interval the waves have 
advanced by half a wavelength they have interchanged places 
i. e., where in stage (t) two compressions were arriving simul¬ 
taneously, now two rarefactions are arriving together and 
vice, versa. 

Id the Inst periodic stage shown in (iv), the maximum 
rarefaction of one agaiD coincides with the maximum compres¬ 
sion of the other and they aunul each other so that the 
medium has once more normal density every where. The 
resultant velocity of a particle will be double tbe velocity due 
to e ; ther component but in a direction opposite to that shown 
in stage (it), Hence we see that there are oertain points at 
regular intervals of A/2, which are alternately points of maxi¬ 
mum compression and maximum rarefaction' At such points 
velocities are also zero. These points have already beeu termed 
as nodes. Note that the nodes which were previously rarefied 
ones now become condensed and vice versa. We also see that 
conditions depicted in stages (») and (iii) recur twice in each 
period and alternate with those depicted in stages (ti) and 
(*v). It is also observed that midway between them are 
anti-nodes, where the maximum compressions of one set coincide 
with the maximum rarefactions of the other and the velocity 
is double of either component. 

The various stages of stationary vibrations in open end 

pipes nave been discussed in Art. 82. Note that the open end 
torms an antinode. 

Treatment of Standing Waves. -The 
in the preceding Arts, can be obtained 
:he equations of superposing wave trains. Let 

y l= n sin ~(vt-x) ... ( 1 ) [incident] 


89.1'^nalytical 

results arrived at 
mathematically by t 


and 


Vt=a sin 

A 


... (2) [reflected] 
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represent the two wave trains of the same wavelength, A, and of 
the same amplitude, a , travelling with the same velocity, v, in 
opposite directions. Note, here the interface where the reflec¬ 
tion takes place, is denoted by x = 0. 

The displacement equations refer to the incident and 
reflected waves in an open end pipe or a string free at the 
other end. 

The displacement equation of the resultant wave is 

.V = ; y, + Pin “7 (t7 —x) + a sin (vt+x) 


-[ 


sin— [vt —,r)-j- sin 
A 


. 2 77 Vt 2 7TX 

= za sin cos 

A A 

2nx . 2irvt 
= 2 a cos - — sin 

A A 




This represents a Simple Harmonic vibration of amplitude 

A —2a cos and of the same period as the originals. 

A 

The strain or the compression at an} T point, of the resultant 
vibration is obtained bv differentiating (3) with respect to x 


■■■ 8train (df-)=- 

Differentiating (3) 
the particles 

.• Velocity ( J^) = 


47ra . 2ttx . 2nvt 
sin — sin —— 
A A A 


(4) 


with respect to t we get the velocity of 


4a7rt; 2nx 2 v vt 

cos cos - 

A > * 


( 6 ) 


Now let us discuss the changes in the condition of the 
vibrating column as regards displacement, velocity, and strain 
(change of density or pressure) at different positions and at 

different times. 


Changes with respect to Position: — 

(*) At positions where sin =0 and therefore cos 


277-r 

^A 


—r-|_ | < we find from equations (3) and (5) that at any given 
instant the displacement and velocity are greater than at other 
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comDTMsim^n' 11 [equa f tio “ < 4 )]» zero . i.e„ there is neither any 

sar 

2vx 

~Y~ =mTT, where m is an integer 0, 1, 2, 3, et«. 


Then 


x=m \ or o. 


• /y*_ ^ , A A 

•• a: - m 2-+ i 0r 4 


2 * 2 J / ' > 2 9 ,m ••• 

fr0 “ 6aCh ° ther bj V2 1 

(«*) At positions where cos ~.=Q and so sin — - ±1 

presS^and rlrf are thr oughout zero but com’ 

occurring alternated greate J, thtt ° at otlier plaoes but 

by putting y ' rhese are They can be obtained 

2irx (2m+l)„ , 

A = ' 2 c=r7l7T + 2 ‘ 

*=m£ + * 0 r5- 5A 7A 

for ra=0, 1, 2, 3 etc. 4 4 ’ 4 ’ 4 ’ 4 . 

Such points are also separated by £ , the distance of the 
first node from the interface is -. 

^dlL P t“ocitL h s e he h be n twe°e d n S th“ d e^ nod “ «“ dis P'^ments 

gradually from their maximum val tr ^ me va,ues and decrease 
the nodes on either 3 ^ 0 ? i to zero at 

density li es bet 8 . ® of Similarly, the change of 

decreases on either 8 -de rf * t8eme . Ta I* 8 deduc, ' d above and 

“Mres of condensation ^ndrerefac tfo’n a® /‘ le ™ ate nodes are 
-tely a centre of “ oda * a >ter. 

Changes with respect to Time 


(m) At times when sin — ( or sin 

! fknrA *n _ . ^ T 


0 and so oos 


1 j yy m —v quu ou 008 »—=3 

s-ussatwattfcasss-:- 
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greater than at other times. 

The particles are passing through their normal positions 
everywhere. 

2-t T T 

To obtain such times put ~ = rmt t=m ;r or 2 “> 


Such instants occur twice in each time period. 

_ , . , 2irvt 2~t , 

(tv) At times for which cos or cos =0, and 

2 rrt 


so 


Bin =±l, the velocity is everywhere zero and displacements 
and compressions or rarefactions are greater than at other times. 

Such times are found by putting =[2m+ 1) - = mw + “ 


T T T 

... t = m~+~ or- 


3T 
4 ’ 


5T 

T*- 


These conditions will also be repeated twice in each time- 

T 

period but — later than those reached in (Hi). 

A similar analytical treatment may also be applied to the 
case of a closed end pipe or a string fixed at the other end 
provided care is taken that the proper sign of the amplitude 
(negative in these cases) is substituted before the displacement 
equation of the reflected wave. 

90- Energy of Stationary Waves *—The distribution of 
energy in a stationary wave is not the same as in a pro¬ 
gressive wave. The tot;* 1 energy per wavelength in a 
stationary wave is double that in a progressive wave. This 
should be the case, seeing that the waves now under considera¬ 
tion are compounded of two sets, except that one is reversed 
in direction of propagation. Moreover, in the case of stationary 
waves there is no Jlow of energy. This is obvious for the result¬ 
ant energy current is the algebraic sum of the energy currents 
in the two oppositely travelling progressive waves of which the 
stationary waves may bo built up. But these two energy 

•Read Art. 44 and contrast the statements made in that section with 
those made in this. 
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currents are equal and opposite, hence the resultant energy 
transfer in any direction is zero. 

While in any progressive wave half the energy is at any 
moment kinetic and the other half potential, in a stationary 
wave the ratio of the kinetic to the potential energy is the same 
at every point at any instant that is, it is independent of place 
but the ratio varies from inBtant to instant. The energy is all 
kinetic everywhere when the particles are moving through their 
equilibrium positions. At this moment most of the energy i 3 
near the antinodes . where the air or the element of the string is 
moving fastest. When the particles are at the extreme end of 
a swing—which occurs at the same instant everywhere—there 
is no kinetic energy, as all the air is at rest ; it is all potential 
everywhere depending upon differences of pressure and none is 
at the antinodes. In the intermediate stages it is partly in one 
form and partly in the other. 

*908. Energy is not transferred in a Stationary Wave :— 

We have shown in the preceding Art. that in a stationary 
wave there is no transfer of energy across any plane. This can 
be mathematically proved as follows :— 

When waves are set up in a fluid the excess of pressure is 
given by 

*=- E S* 


where E(=v*p) is the volume elasticity and ^ 

dx 

volumetric strain 


denotes the 


For a stationary wave from equation (4) page 128 


we have 


dy 

dx 


47m . 

— ~r- sin 


2nx . 2nvt 
— sin — 
A A 


whence p= v ’p. ~ B in Bin 


= VmMx Bin 


x 


— Vi Bin 


A 

277 Vt 


sin 


2 77 Vt 


where 


Pz = Pmax sin 


277 x 
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The velocity of the particle from equation (5) on the same 
page is given by 

__ dy 4 tt av 2 tt x 2 t t vt 

u =dt = ^r C03 -tt 003 a~ 

_ 2- t vt . TT 4tt av 2tt x 

= U x cos -, where U z = —— cos —— 

A A A 

Therefore work done or energy transferred per unit area 
in a small time dt 

=p U dt 

The energy transfer in the periodic time T 

T 

= j P.Udt 
o 

Rate of transfer of energy 


Udt 


JL 

,Jp z sin ^ — X U x cos 


2 77 vt 


V 

Since p x and U z are not the functions of time, they can be 
taken out of the limits of integration and we have 

T 


VrUci 

T J 


. 2 7 T vt 2 -n vt J 

sin —— cos ——at 
A A 


= P ^f sin ilL^ 

2T J A 


- 0 




• vt 
sin-at=v. 

A 


Thus in the case of stationary vibrations no energy is trans- 
forrgrl across any section. 


Stationary waves 


m 

91. Demonstration of Longitudinal Stationary Waves in 

snoh th !f P “ rpose we ueed a high frequency sound 

whenaGalton’s whistle is blown. Galton^ 
mstle (Fig. 68) is a miniature organ pipe fitted with an adjust- 

Fig^68. ^ ' 

able serew piston. It is blown by means of air colleoted ,*n 
rubber bag attached above its mouth. By turning th« R m * 
around, the volume of the air in the whistle M n hi g u J Crew 
the pitoh of the note emitted, changed The fremwn any 

given position is read from graduations on 7 

positions of nodes and antinodes are located bv A * G ’ • J 10 
flame (see Art. 100). catea by a seD8 »tive 

a Jrl^Vk 0 G J alton ’ s whiet > le at a distance of a few f Pfl f f 
a vertical board or a wall of the room, and blow V ?•> fro “ 

means of the air supplied by a gas ba* tL * 6teadl1 ^ b J 

emitted by the whistle are reflected bvthJ! ,? 0Und waves 

backwarfs. They interfere with the direct waveland^ traV °‘ 
to stationary vibrations Brina ™ . . ve9 ^ nd give rise 

the board and the whistle When the fl ' 6 fl ““ e betw ^» 

it does not flicker since the air » Jat rest and wh ‘ 9 &t * Dode - 

node the flame will flare up, since at these nmnt ** an anti ‘ 

-ce la most pronounced. V 

A nodes is 

w [jl r 0 8 jn<?nt may be used 

9 ^ § to find the pitch 

M iirHr ° f a ^igh fre¬ 
ft Y I . q , Uenc ^ note, if 

J I the ve locity 0 f 

fi - ® ound Is known. 

" J?or that purpose 

Fig. 69. , a metre scale is 

the flame. The positions of „ a placed * alongside 

distance between'two executive nodT tbo mean 

uwve n °aes is determined. This 





A TEXTBOOK OF SOUND 


distance is 7v/2, hence A 13 known. If v oe the velocity of sound 
at the room temperature, we can calculate the frequency from 
the relation, v = 

In this manner the frequency of a note which is so high that 
it is beyond the upper limit of audibiiity, may be found and 
since the frequency of the note emitted by a Galton’s whistle is 
continuously variable, the upper limit of audibility may be fixed. 

92. Longitudinal stationary waves in a Resonating Air 
Column. I ho phenomenon of standing waves in a resonating 
air column may be demonstrated to a big audience by a thin 
walled hollow tube made of iron, 2’ in diameter and about 6 ft. 
long. It is closed at one end by a thin rubber membrane or a 
tissue paper and at the other end with an adjustable piston. 
Arranged in a row at the top are a number of tiny holes spaced 
at regular intervals. Coal gas is conducted into the tube by a 
email side tube, L, and can be ignited at the holes so as to give 
a number of small flames of equal height. An organ pipe is 



I'ig. 70. 


next sounded in front of the membrane which is thereby set 
into vibrations and produces waves inside the tube. When 
resonance is obtained by adjusting the piston, the gas flames 
burn with different heights and produce the result shown in 
Fig. 70. Where the nodes occur in the gas column, the air is at 
rest ; at these points the pressure is high and the flames are 
tallest. Midway between them are the antinodes where the 
amplitude of the gas particles is maximum and the llarnes are 
low. The pressure variations are in accordance with the 
famous Bernoulli's Principle, according to which at places 
where the velocity of the gas particles is low the pressure is 
high, and where the velocity of the particles is high the pressure 
is low. 
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93.1/ Comparison between Stationary and Progressive 
Waves.— 


Progressive Wave 

1. The disturbance moves onward, 
being handed on from one particle 
to next after some time. In other 
words here all the characteristics 
of a point at any instant will be 
trane/erred to the next point in the 
next instant. 

2. Every particle bos a constant 
am plitude but it reaches any"Vtage 
of itialiplacement at a time quite 
different from that of its neigh¬ 
bouring particles % e., the pha^e 
varies along the wave. 


3. No particle is permanently at 
rest but each particle come 9 to a 
state of momentary rest at the end 
of its awing. This condition may be 
achieved by different purticlei- at 
different times. 

4. Maximum velocity that a 
particle develops in course of a 
single period is independent of the 
value of x, i.e„ all particles have the 
same maximum velocity but they 
obtain it when they pass through 
their mean position one after an¬ 
other. 


Stationary Wave 

V "T. Thejdisturbonce is fixed as it 
were. No particle transfers its 
motion to the neighbouring one. In 
other words vibration characteristics 
of a point are peculiar to itself and 
are not transferred to its neighbour¬ 
ing point at any time. 

The amplitude is not the same 
but its decrease from antinode to 
node follows a cosine law. All 
particles re»ch their mnximum or 
minimum disp)a> em* nts» at the same 
time Partioles between consecutive 
nodes are in same phase, but 
they are in opposite phase with those 
in the preceding and succeeding 
segments. 

3 Particles at the nodes are 
always at rest All other particles 
have maximum displacement and 
rest simultaneously and they repeat 
this condition after every half 
period. 

4. Here at nodes, the velocity 
is always z*ro, and at antinodes it 
hus its greatest value. All particles 
po«8 through the mean position at 
the same time, but each has a velo¬ 
city which is its own maximum. 


6. In no region, conditions of 
compression, normal pressuro or no 
change of density, and rar. faction 
ore constant, but os those conditions 
travel onward, each region is offect- 
fcd turn by turn. 

Velocity curve agrees with 
con^&iaatiQQ—jajrve, and is T/4 
ahead of displacement curve. These 
travel onwards with the wave. 


6. Ae stated above there is no 
outward motion Condensation at 
antinodes is least or zero and for 
nodes it is greatest. 


v^’ijuunsntion curve is T/4 
ahead of displacement curve, while 
the velocity cu. ve is T/2 ahead of it. 
ihese retain the »amc position and 
merely change in amplitude. In 
vtg- 71 (6j it is assumed that the air 
parudes aro neither at the the end of 
the swmg nor pacing through the 
equilibrium position but in some 

P ° 8ition and moving 

towards their equilibrium position. 


136 


A TEXTBOOK OF SOUND 


Progressive Wave ( contd .) 

[f/=a sin ^-(i 't—x)\ 
dy 2 -nav 2 tt, , 

Tt = ir C0B t { v ‘~ x) - 

dy 2ttcl 2tt, 
Si =- lr oo B ~(vt-x). 


Stationary Wave (contd.) 

[y= 2 a cos?^ sin 

A A 

dy 4 Tray 2ttx 2-nvt 
dt A A A 


dy 


47ra . 2 tt3: 

~?r 8in A~ 


si n 


2ttvJ 


0/5 PL. 




VtL. 






(a) Fig. 71 (6) 


7. There is transmission of energy 
acroes every plane along a progres¬ 
sive wave. Condensation curve and 
velocity curve agree together and 
bo during a condensation the elastic 
bond between the particles will be 
pushing the particles in front for¬ 
wards and work will be done on the 
particles ahead i.e., thero is a flow 
oj energy in the direction that a 
wave truvels. The energy is not 
uniformly distributed over the wave 
for we saw that at the points of no 
volocity there is no compression 
and consequently at these points 
there is no energy. Further the 
enorgy in a whole wave is at every 
instant half kinetic and half poten¬ 
tial. 

8. Thero ia no plnco whero thero 
ie no change in density. 


7. Here thero is no flow of energy 
across any plane. As stated above 
in No. 6, condensation and velocity 
curves differ in phase T/i i.e., they 
are said to bo in quadrature, and 
hence no energy is transmitted.* 
This is why the waves are said to be 
standing. Hero the distribution of 
energy is quite different from that 
of a progressive wove. The ratio of 
the Iv. E. to P. E. is the same at 
every point at any moment but the 
ratio varies from moment to 
moment. When all particles aro in 
their undisploced positions, the 
energy is wholly kinetic, T /4 later 
all particles are in their extreme 
positions, they being stationary for 
a moment, the energy is wholly 
potential. 

8. Antinodes are places of no 
change in density, whereas nodes 
are places of maximum change of 
density. 



CHAPTER VIII 


REFLECTION, REFRACTION, AND DIFFRACTION 

di^^Reflection of Sound Waves.— It is a matter of common 
observation that reflection of sound plays a very important 
part in our everyday life. For instance, who is not familiar 
with its consequences, namely, reverberation in buildings, 
echoes and rolling of thunder : and with its applications 
in speaking tubes, sounding boards, ear trumpet, etc. Before 
we consider their explanation, let us study the mechanism of 


reflection. 

When a sound wave consisting of condensations and rare¬ 
factions meets the bounding surface between two different 
media, it is partially reflected and a wave travels in the 
opposite direction in the first medium with the same velocity 
as that of the incident wave. In order to understand how this 
reflection is caused, let us consider a mechanical analogy. 
Suppose a heavy railway truck is standing in a station sidiDg 
and a number of light trucks are being shunted towards it. As 
a light truck strikes the heavy stationary truck, it rebounds 
and starts to move off in opposite direction to that before 
impact, while the heavy truck moves slowly in the direction in 
which shunting occurs. Here the heavy truck corresponds to 
a denser medium and lighter ones to a rarer medium. We find 
that when a compression wave meets the surface of separation 
of light and heavy media, a small part of its energy is transmit¬ 
ted in the heavy medium and a large portion of it' is sent back 
as a wave of compression but a forward movement of the 
particles is converted into a backward movement. In other 
words, the reflected waves suffer a chayige in phase by an 
amount n. This is reflection with a change of sign but 710 
change of type, ».e., condensation is reflected as a condensation 

and rarefaction as a rarefaction just as at the closed end of a 
pipe. 

Next consider that a light truok is stationary and a number 

of heavy tracks impinge against it. After the impact both the 

trucks will he seen to move in the same direction. So here 
again if we compare the light truck to a rarer medium and the 
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heavy one to a denser medium as before, we find that a wave 
of compression proceeds in the second medium as a wave of 
compression and is refiected back in the first medium as a rare- 
tied wave. As the displacement of the heavy truck continues 
to be in the same direction after impact as before it, we find 
that here the condensation has changed into rarefaction but no 
change in sign has occurred. The intensity of the refiected 
wave will depend upon the relative densities of the two media 
i.e., the greater the difference in their densities the greater the 
intensity of the refiected wave. 

To sum up, we learu that at the boundary of a rarer to a 
denser medium a wave of compression is re flected with a change 
of type but no change of sign. 

95- Reflection of Sound Waves at a Rigid Wall. —Con¬ 
sider a sonorous body A sounding in front of a rigid wall LM per¬ 
pendicular to the plane of the paper. Spherical waves of com¬ 
pression and rarefaction spread out in all 
directions. A section of the wave front* 
of such a wave is shown in the figure. 

Let this wave front marked 1 at any 
instant meet the wall at O, a point 
obtained by dropping a perpendicular 
from A on LM . An instant later it occu¬ 
pies the position 2, meeting the wall bet¬ 
ween B and C from 0 successively out¬ 
wards. Every point between B and C will 
be the centre of the secondary wavelets 
whose envelope gives the reflected wave 
BDC just the position BEC (which the 
w'ave would have occupied if the wall had 
not been there) placed oppositely. 

It is still spherical in shape but is travelling outwards from 
A' as centre. The point A' is the acoustical image of A. 

96. Acoustical Image.—To conveniently obtain the 
position of the image of A we have to remember that the 
geometrical laws of reflection of sound waves are the s:>me as 
apply to light rays, namely : — 

•It is the locus at any instant of h 11 the adjoining points in the some 
phase of vibration. According to Huygen s Principle of wave propaga¬ 
tion the wave-front ut any instant may be derived ns the envelope of the 
wavelets whose centres aro all points constituting the wave front which 
existed t seconds previously, the mdii of such secondary wavelet* bring 
equal to vt, where v is the velocity of propagation of the wave. 


A 
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(1) The angle of incidence 

reflection. 


is equal to [the angle of 



Fig. 73. 


(2) The incident ray, the'normal to the 
reflecting surface and the reflected ray lie 
in one plane. With the help of these laws 
we can easily show that the sound image 
A lies as far behind the surface as A is in 
front of it. (Fig. 73.) 



To verify the laws of reflection of sound waves?arrange two 
tubes A and B* horizontally at an angle 
as shown in Fig. 74. Place a reflecting 
surface such as a polished wooden block 
LM vertically behind them. At the end, 

A, place a watch or preferably blow a 
Galton’s whistle. Next adjust the block 
or the tube B by rotating it, so that on 
placing the ear near the end B , ticking 
of the watch or the whistle is distinctly 
heard. The sound of the high-pitched Fig. 74. 

Galton’s whistle may also be detected by a sensitive flame. To 
cut off the direct sound fiom A, a felt screen or a wet cloth 
should be placed between A and B. In the adjusted position it 
will be found that the axes of the tubes are equally inolined to 
the normal to the surface, t.e., the angles of incidence and re¬ 
flection are equal and also the waves lie in the same plane with 
the normal. 

It will be interesting to see as referred to in Art. 95. 
how the reflected wave may be regarded as the resultant 
of secondary wavelets coming from each point of the reflec- 
• ting surface. Let AB be a plane wave-front meeting the reflec- 

* - ing surface AC at A. By 

the time the portion B of 
the wave-front AB reaches 
C, A has already sent 
back a secondary wavelet 
of radius AC equal to 
BC\ since the velocity of 
the reflected wave is the 
same as that of the inci 



Fig. 75. 


Mi. 


■ --- --- 4 vuo uiUl* 

•Glass tubes each about 3 ft. long and~2 inches in divmeter 






140 


A TEXTEOOK OF SOUSD 


dent one. So also the circular wavelet starting backward from 
i*, when the incident wave has reached the position FG, will 
have a radius FK equal to GC, when the wave-front at B 
reaches C. 

From each point of the reflecting surface between A and C, 
in succession, these elementary waves spread out just as from 
A and F in arcs of circles whose centres lie on AC. The 
envelope of the secondary wavelets is the tangent plane CD. 
So CD is the reflected wave-front. Since AD is equal to BC , 
and is at right angles to the tangent DC , just as BC is at right 
angles to AB , the two As ADC and ABC are equal and the 
angle of incidence BAC is equal to the angie of reflection DC A. 

97. Echoes. —The reflection of sound waves from the sur¬ 
face of a large obstacle, as for example a cliff, a hill-side or the 
walls of a building is described as an echo. In order that an echo 
may be heard the dimensions of the obstacle must be very large 
as compared to the wavelength of the incident sound, otherwise 
sound energy is scattered in all directions and soon becomes in¬ 
audible. Thus a sound of short duration and high pitch 
such as a pistol shot or a sharp crack gives a loud and clear 
echo, and with a flat or a low pitch sound the echo may not 
be heard at all. Since the sensation of sound persists for -/oth 
of a second after the source has ceased, so in order that an 
echo may be distinguished as separate, it must reach the 
ear -, J „-th of a second after the original sound. Taking the 
velocity of sound as 1120 ft./sec. it means that sound must 
come after traversing a distance of 112 ft. i.e., the minimum 
distance of the obstacle from the source must be half of this i.e. 
56 ft. If, however, the distance of the reflecting surface is less 
than this, the sound will appear to be drawn out. It is obvious, 
therefore, that for sounds of longer duration the interval bet¬ 
ween the direct and the reflected waves must be longer to hear 
the echo. 

If, for instance, we want to hear the echo of articulate 
sounds, the minimum distance of the obstacle should be 112 ft. 
It is because a person can, on on average, utter 5 syllables 
per sec. Thus to hear tlie echo of a monosyllabic word the one 
in which the last syllable of a word is distinctly heard, the 
time interval between the direct and the reflected sounds should 
be $lh second i.e. the sound should cover 224 ft. in all before 
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it falls on the ear. Therefore the distance of the reflecting 
surface should be 112 ft. from the observer for^-he 
a monosyllabic echo. For a disyllabic echo the mmimum 
distance ‘should be 224 ft. and for a poly-svllab c echo corns 
ting of v syllables. the minimum distance should be p times 

112 ft. , , , 

98. Multiple Echoes. Multiple echoes mayb<. heard 
when a sound is reflected from a number of reflecting surfaces 
suitably placed such as two parallel cliffs, fhe rumbling a 
rolling of thunder is due to the successive reflection of a peel of 
thunder from a number of reflecting surfaces such as clouds, 
mountains, rooks and surfaces of separation between atmos- 
pheric currents and various strata of air. 

It has been generally noticed that in public halls and audito- 
riums the sound persists even after the source of sound has 
ceased. This persistence of sound is called Reverberation. It is 
due to the multiple reflection of the speaker’s or the singer s 
voice from various surfaces such as the floor, the walls and the 
ceiling, etc. These reflected sounds interfere and cause a jumb¬ 
ling or prolongation of sound leading to great indistinctness and 
render the hall acoustically bad for speaking. We shall discuss 
the subject of Architectural Acoustics in Chapter XV. 

-"'99. Musical Echo — Sometimes when a person walks on 
a hard footpath, or produces a sharp short sound by clapping 
in front of a flight of stairs or a number of regularly spaced rails 
or palings, he hears that each footstep or clap is followed by 
an echo whioh produces the sensation of a musical note. It is 
duo to the successive reflections of the incident sound wave from 
eaoh step or pale at regular intervals—the interval being given 
by the time taken by the sound to traverse twice the distanoe 
between eaoh step or pale. Th f se successive impulses, if 
sufficiently rapid, blend into a musical note. The musical 
ring heard, sometimes, when an observer walks in a bare hall 
or a corridor is explained in a similar way. The frequency of 
the musical echo may be calculated as follows. Let d be the 
distance between the pales, and 0 the angle which the line 
joining the pales makes with the line joining the observer with 
the pales. The distances between the palings in the direotion 
of the observer is d cos 0 and therefore the time interval between 
successive impulses is 2 d cos 0/t> or the frequency of the eoho 
is equal t« e/2d cos $, When 0 is small it reduces to e/2d. 
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an^T^' A l i V i dapS r , h [* handg in f ront °f a Crease 

i m *? lCal ? c *°- 1 f lhe ve locity of sound is 1120 ft. 

niirh f H nd *f ? a . ch £ J e P l$ 10 inches wide, what will he the 
pilch of the sound heard ? 


Pfi,J? t i rV& *K b ® l . wecn refl ections from two successive steps is 
Q o the time taken by the sound to traverse twice the 

width of the step i.e.~, where d is the width and V the velo¬ 
city of sound. 



d=10" 

r=1120 ft.'sec. 


.*• Time interval (T) = -z-* - 

v 1 12x1120 

The pitch of the echo, 



i2x 1120 
2x 10 



It has, sometimes, been noticed that echoes from small re¬ 
flectors are rich in upper harmonies of the incident sound. It is 
because the efficiency of a reflector for sounds of high pitch and 
consequently of short wavelength improves. The phenomenon 
has been studied by Rayleigh and he arrives at similar results 
as obtained on the scattering of light rays from small particles, 
for which he finds that the intensity of scattered light varies 
inversely as the 4th power of the wavelength. 

100. Reflection of Sound from Curved Surfaces.— («> 
Spherical or Parabolic Mirrors. The laws of reflection are 
obeyed in the case of spherical and parabolic surfaces as well. 
If a source of high-pitched sound is placed at the principal focus 
of a conca ve spherical or parabolic mirror, the rays diverging 
from it strike the mirror and are reflected as a parallel beam ; 
or conversely, if a parallel beam of sound is allowed to fall on it 
the sound energy will converge to the focus of the mirror. By 
means of two concave metallic reflectors of about 10 to 12" 
aperture the phenomenon of reflection can be easily demonstra¬ 
ted. Arrange two concave spherical reflectors on a table with 
their axes coincident and 15 to 20 ft. apart. Suspend a watch at 
the focus of one of the reflectors, say P, and a small funnel 
connected with a rubber tubinc at the focus of the other with 
its mouth towards the reflector. The sound waves from the 
watch strike the reflector P, are rendered parallel, fall on the 
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second reflector Q, become spherical and converge to its focus 
F % . They are collected by the funnel and sent down the rubber 
tube to the ear applied to its other end. The ticking of the 
watch will be distinctly heard. 



Pig. 7G. 


The demonstrate the focussing of the sound waves to a class 
we make use of a Sensitive Flame. It consists of a gas flame 
formed by a fine glass tube jet (which can be easily drawn out 
in a laboratory) or by a pin hole orifice, if available! Attached 
to the jet is a gas bag in which the pressure of the gas can be 
gradually increased making the flame long and narrow until it 
is on the point of flaring. Such a flame is sensitive to external 
sounds particularly to those of high pitch. If now a rattle of a 
bunch of keys or coins, a hiss or a sharp metallic sound is pro¬ 
duced in its neighbourhood, the flame begins to flare and 
shorten. If such a flame is placed in place of the funnel in the 
above experiment with its orifice at the focus, we notice that it 
flares and dances in tune with the ticks of the watch. 

(b) Whispering Galleries.—They offer a very peculiar 
illustration of the phenomenon of reflection of sound. The 
gallery of the dome of the St. Paul Cathedral in London whioh 
is running round the base in the inside of the dome in a circular 
form is particularly noted for it. There are similar whispering 
galleries in other circular buildings. It is observed that in 
such a gallery a whisper spoken at some point, A (Fig. 77) 
close to the wall is reflected round the wall of the gallery so as 
to be distinctly audible all round near the wall, although at a 
short distance towards the centre the sound is hardly audible. 
This is not a case of concentration of sound waves as in curved 
surfaces (for in that case whisper would be heard at a point 
diametrically opposite only) but of Blow horizontal creeping of 
the sound along the curved surface of the gallery without 
ever getting far away from it. It is the portion of the sound 
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energy included between the rays AP and AQ which do not 
make a large angle with the tangents to 
the wall between P and Q, that is 
reflected round and round in a series of 
equal chords touching a cylindrical 
surface in the interior of the dome. This 
cylindrical surface is such that AQ and 
PA produced are tangential to it. A 
number of intermediate rays will form 
short chords and will travel along 
similar paths but in larger circles. The 
walls of the gallery prevent the lateral Fig. 77. 

spreading out of sound waves and consequently the intensity 
of the sound remains sufficient to be audible all round. 

101. A few Practical Applications of Reflection 
(a) Speaking Tube. Ordinarily when we speak in open air, the 
intensity of the sound falls off inversely as the square of the 
distance so that a short distance away from the speaker the 
sound becomes inaudible. But when the sound is delivered at 
one end of a tube, the waves are prevented from spreading out 
by successive reflections from the sides of the tube and are 
conflned to the air in the tube. They travel onward with very 
little diminution in amplitude and the sound therefore can be 
heard clearly at the distant end. Bends and particularly sharp 
turns should, os far as possible, be avoided because reflections 
will then arise which may break up the advancing wave, reduce 
the intensity and interfere with the clearness of sound. 

When one end of a metallic rod or a long uniform wooden 
beam is struck, the sound is carried along the rod or beam just 
as in a speaking tube with very little loss through waves sent 
out sidewise, and therefore very distinctly hoard at the lartner 

end. 

(6) Ear Trumpet used by deaf persons is another application 
of the same phenomenon. The sound waves collected y 
wide end are reflected in narrower and narrower cross sec ions 
leading them to the ear. As the sound energy delivered to © 
wide mouth of the trumpet is subsequently thrown in a muc 
smaller space, the amplitude of the vibrating layers of air e* 
comes much greater so that the intensity of the sound reaching 
the ear is considerably increased. 
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(e) The Sounding Board, which consists of a reflecting 
surface, is sometimes placed over the speaker’s head in a large 
hall. It not only prevents spreading out of the sound waves in 
the upward direction but also sends them by reflection towards 

the audience thus assisting in making the speech audible at a 
distance. 


102. Refractionof Sound Waves.— When sound waves pass 
from one medium into another, there is generally a change in 
velocity and as a consequence they are refracted according to 
the same laws as in optics, namely :_ 

(1) The incident ray, the refracted ray and the normal to 

the refracting surface lie in the same plane. 

(2) The sine of the angle between the incident ray and the 
normal bears a constant ratio to the sine of the angle between 
the refracted ray and the normal 




sin t 


sin r v t 

where v t and v t are wave velocities in the first and the second 
Principle*/^ 6 Path ° f th<> refraoted ra y ' 8 obtained by Huygeo's 

-i'w^~4 ane wave - froat incident ° n a — 

is less. While the wave- 
front advances from B to • 

0 in the first medium, ^ > ' Ss y. 

the wave from A will 

have gone a distance / 'N. 

AD=v 2 t, where v t , is the \/< _ Xl 5, Xf 

velocity in the second \\ 

medium and, t, the time \ X^ A 

taken by the wave in \ X Sx / 

going from B to C. Each \ V 

point of AC will become, 'x / 

in succession, a centre of ' 

disturbance sending out * 

secondary wavelets in Fig. 78 - 

^r P r e r a „ z th< r w **«-&»* 

See foot note on page 138. -- 


Fig. 78, 
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towards the normal from BC to CK. If the velocity in the 
second medium were greater than the first, the rays on refrac¬ 
tion would bend away from the normal becoming more oblique 
to the surface of separation. 

103. Demonstration of the Refraction of Sound Waves — 

To demonstrate the refraction of sound waves a lens shaped 
vessel such as an India-rubber balloon is taken and filled 
with C0 2 in which sound 
travels more slowly than in 
air, so that spherical sound 
waves starting from a source 
of souiid P , such as a high- 
pitch Galton’s whistle or a 
watch placed on one side of 
the lens, will be found to 
converge to a point Q on the 
other side just as light waves 
are converged by a glass 
lens. In passing through such a lens the central part of the 
wave-front AB advances more slowly than at the edges, so that 
when it comes out, it is concave towards the ear at Q. 



104. Total Internal reflection of Sound Wave*. —When 
sound waves are incident on a surface separating two media A 
and B , such that the velocity of 6ound in A ia less than in B, 
on refraction they bend away from the normal as light rays do. 

By the second Law of Refraction, —-= — 1 where v, and v. 


sin r 


Ji 


are the velocities of sound in A and B respectively. 

As the angle of incidence goes on increasing, the refracted 

ray bends away and away from 
•he normal till for a certain angle 
of incidence the angle of 
refraction becomes 90°. This 
angle of incidence is called criti¬ 
cal angle for medium A. If C 
denotes this critical angle 


sin C v, n 

—sh=— or sin G= 
sm 90 





Fig. 80. 
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If now the angle of incidence exceeds the critical angle, the 
ray cannot emerge at all into the upper medium. It is then 
totally reflected at the refracting surf ice and remains in the 
lower medium. Suppose now the lower medium is air in which 
the velooity of sound is 332 metres/sec. and the upper medium 
is water in which velocity is 1450 metres/sec., the critical angle 


C=sin 


• i / 332 \ 

,D (l450) 


= 13° 14' 


We find therefore, that if sound waves are incident on water 
surface in a narrow cone with a semi-vertical angle 13°14' there 
shall be a partial refraction. If, however, the angle of incidence 
is greater than about 13°, they are totally reflected and sent 
back ii the air. In the case of iron and wood the velocity is still 
greater and the critical angle will be much less. This explains 
why sound loses so little in intensity when it travels along a 
speaking tube or an organ pipe, for it cannot emerge unless it 
strikes thewalls at almost normal incidence. 

„ °* , Wind on Refraction— It is a oommon obser- 

vation that when the wind is blowing from the sounding body 

to the observer, the sound is more clearly heard than if there 

rr° T 4 ° r - ' f J ' t 7 ere blo ” in £ in the opposite direction 
If the wind consisted of the whole mass of air all moving with 

the same velootty, there is no reason why the sound should be 
of ^IT C,e ?I ly *? ODe direction thao >n another, the velocity 

of the tav« 0n d 'l ° f COUr6 !' b “ ch “£ ed ( b «ne equal to the sum 
blowtg T the d° ^ and r the J Wind velooit y if the wind is 
if wind is h d,le ? ? n 0f SOUnd and e q ual to their difference 
V„W? t OPPO^R) but not its intensity. However the 
velooity of wind ,e not the same, it is least near the ground and 
mcreases as we go higher up. Consider a plane wave front V 

travelling horizontally from left to right. Fig 81 (a) It will 

as i 

ttr £ iff 

>t becomes tilted forwards^nore^moreM Yt t8 mov° n3eqUentl J 

^^rtra^'S^Irnghr' 1 1 '' “■ * 6t °- “ “-I'd “y 

will be inclined downwards *? t , h ° wavofront . its direction 
more clear.y D Zr^m no^ ° ^ e0Und 
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On the other hand, if the wind is blowing against the sound, 
the lower parts of the wave-front travel more rapidly than its 
upper parts. The wave-front therefore tilts in the opposite 



Fig. 81. 


direction, as shown in Fig. 81 ( b). The sound ray curves 
upwards and travels away from the ground. This results in the 
thinning off of the sound intensity near the surface and a 

listener at 0 will therefore 
have much less chance of 
hearing. 

Fig. 82 illustrates the effect 
of wind refraction on the 
propagation of sound waves 
from a sounding body F blown 
at a height. In Fig. 82 (a) 
the wind is blowing from left 
to right. .As explained above, 
A receives more rays than it 
would do in the absence of the 
wind, whereas, if the wind 
blows from right to left as in 
Fig. 82 (6) an observer B, 
similarly situated will lie in a 
zone of silence. 

106. Effect of Temperature on Refraction.—An effect 
similar to that discussed above is observed due to the variations 
of the temperature of air at different altitudes. The velocity of 
sound being greater the higher the temperature, it follows that 
any variation of temperature from one place to another causes 



Fig. 82. 





REFRACTION 


149 

refraction of sound waves. During the day-time the lower 
layers of atmosphere are at a higher temperature than the 
upper layers and the velocity of the sound is, theiefore, greatest 
near the surface of the earth and decreases- as the height 
increases. The sound, therefore, travels in the same way as if 
it were travelling against a wind and the waves will be refracted 
upwards as in Fig.82 (6) and lost in the air, hence the intensity 
at a short distance is decreased due to this effect. 

On the other hand, if the lower layers are at a lower tempe¬ 
rature than the upper layers as frequently happens on a still 
evening due to the rapid cooling of the ground layers and 
particularly over the surface of water, the refraction of the 
waves is downwards as in Fig. 82 (a), and the sounds are found 
to carry to great distances along the surface. It is exactly for 
this reason that at dusk voices are heard with great clearness 
across still water. Whereas, on the contrary, on a hot summer 
day the sounds carry only short distances along the ground. 

There is, however, another reason for the fading of the sound 
waves on a hot day. If the temperature gradient upwards is 
negative and very rapid, the air becomes unstable and convec¬ 
tion currents are set up. This causes the air to become a 
heterogeneous mixture and therefore the sound waves are being 
continually reflected and refracted at the surfaces of separation • 
of the various currents and quickly broken up and spread out. 

Very calm air, in which the temperature is practically uni¬ 
form for considerable heights, presents an almost homogeneous 
medium to the sound waves and therefore permits them to 
travel over longer distances without much loss by reflection and 
refraction. We have often observed that on a damp day when 
the air is still, the sound is carried to a longer distance 
than on other days as the presence of the moisture makes the 
medium more homogeneous. 

10#. Explosive Sounds and the Upper Atmosphere-—A 

systematic study of the propagation and the velocity of sound 
from explosions has been carried out during recent years and it 
has revealed several ‘Anomalous Effects’. It has generally been 
observed that sound waves of high intensity (large amplitude) 
travel with abnormally high velooity in the neighbourhood of 
the source thaD those of low intensity (small amplitude) while 
farther off the velocity assumes the normal value Besides this 
there is another peculiar phenomenon attending the explosive 
sounds of high intensity. It has been found that surrounding 
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the source of sound there is a region of normal audibility which 
extends to about 60 miles in which the intensity of sound falls 
off'according to the inverse square law. Surrounding this there 
is a zone of complete silence extending upto about 125 miles. 
This is followed by another zone of audibility where the sound 
appears with usual intensity but takes up an exceptionally long 
time to arrive. This is called the zone of anomalous audibility. 
Existence has been shown of a second zone of silence followed 
by another zone of audibility and so on. The phenomenon is 
analogous to ‘skip distance’ in the propagation of radio waves, 
which is considered to be due to the reflection of radio waves 
from ionized layers in the upper atmosphere, known ss 

Heaviside and Appleton layers. 

This anomalous behaviour can be accounted for by assum¬ 
ing that sound waves of high intensity break up into two parts . 
(1) a Ground IV ave which travels directly over the surface of 
the earth and becomes sufficiently attenuated beyond a distance 
of about 60 miles so as to become inaudible, (2) an Abnormal 
Wave which has moved up obliquely in the upper parts ot t e 
atmosphere and is gradually bent down again to reach the 
surface of the earth by a curved path ; which accounts for the 
large interval of time between the explosion and the arrival ot 
the sound in the second zone of audibility. 



Fig. 83. 


Let us now see how we can explain the curved path of the 

waves proceeding at an inclination to t e ear 8 j n <ii 0 ated 
Research on the physics of the Upper Atmosphere has in heat 

that it is divided into two regions : (1) the Troposphere ex 
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mg to a height of about* 12 km. above the surface of the 
earth in which the temperature decreases continuously at the 
rate of about 6° per km. of ascent until it reaches about —70° C. 
or —94° F. (2) the Stratosphere which extends beyond 12 km. 
In this region the temperature remains constant at first up to a 
height of about 20 km., where there is a Temperature Inversion 
layer and beyond that the temperature increases with height ; 
reaches the surface temperature again at 36 km. and at 60 km. 
has passed 70°C. On account of the fall in temperature in the 
Troposphere, the velocity of a sound wave sent obliquely 
diminishes according to the relation -faf), whereby 

the sound is bent towards the normal as explained in the 
previous section and pursues a path, which is concave upwards 
till a height of 12 km. is reached. Then there is the region of 
constant temperature up to 20 km in which the inclination of 
the ray remains constant. Beyond that warmer regions are 
rapidly entered, which cause the refraction in opposite sense on 
account of the increased velocity. Consequently the sound 
waves now begin to bend towards the horizontal surface till at 
a certain height they become parallel to the horizontal. Further 
penetration in the upper regions being not possible, the waves 
bend downwards and ultimately reach the ground again. The 
paths of sound waves in the upper atmosphere are shown in 
*ig. 83. It is obvious, therefore, that the reversed temperature 
gradient above 20 km. accounts for the occurrence of the 
anomalous zone of audibility. 

Fig. 84 shows the results of 
nounced explosions arrang- 


a series of previously an 


ed in 1923 at La Courtine 
in Central France. The 
shaded areas indicate the 
regions where the sound 
is audible. {Surrounding 
the source there is the 
central zone of audibility 
w ' fc . h irregular confines 
whioh can be accounted 
tor by the irregular con- 
diturns of wind and tem¬ 
perature in parts of the 
atmosphere. Next large 
areas of ailenoe are 






km. 
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obvious. Then the second zone of audibility begins 
showing a fair symmetry about the source. It is into this region 
that sound waves have entered after refraction in the upper 

atmosphere. 

108 Diffraction of Sound Waves (Sound Shadows).— 

bveryone is familiar with the fact that sound waves bend round 
the corners of obstacles freely and a sound is heard almost as well 
behind the obstacle as in front of it, whereas light waves travel 
almost in a straight line and if an opaque obstacle is placed in 
thfor path, no light gets to the back of the obstacle but we have 
a clearly defined shadow. It was this observation which led 
Newton to abandon the Huygen’s Wave Theory of light. Later, 
however, carefully planned experiments with narrow slits and 
obstacles like fine wires, showed that light bends round corners 
and the shadow instead of being sharply defined is surrounded 
by a number of hands called Diffraction Bands- These experi¬ 
ments suggested that there was a close relation between the 
wavelength of the light or the sound waves and the size of the 
obstacle, and this explained the apparent anomaly between the 
behaviour of sound and light waves with regard to obstacles. 
It is found that a sharply defined shadow can only be cast when 
the dimensions of the obstacles are very large as compared with 
the wavelength. The frequency of the ordinary sounds varies 
from 200 to 500 and therefore the wavelengths will vary from 
5J ft. to 2| ft. To cast shadows of such sounds the dimensions 
of the obstacle should vary from 200 ft. to 500 ft. at least. 
As ordinary obstacles, like houses and walls, are of much 
smaller dimensions the sound shadow is not well-defined. To 
obtain sharp sound shadows with obstacles of moderate size, it 
is therefore necessary to use very short waves i.e., sounds of 
high frequency, such a9 from a Galton’s whistle. 

Fresnel has shown mathematically that the extent of the 
bending of the waves inside the geometrical shadow increases 
with the increase in the wavelength. AH such effects involving 
the bending of sound waves are described as diffraction. It is 
due to the mutual interference of the secondary wavelets from 
the same wave-front, and plays a very important part in the 
omission, reception, reflection, refraction and scattering of 
sound waves from high frequency' sources. 

The peculiar effects of diffraction are also observed in the 
case of transmission of sound through apertures. When sound 
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waves pass through an opening which is not more than a wave¬ 
length in diameter the waves are found to spread out in every 



«*• 85 

direction from the opening. (Tig. 85 (a)], while if the opening 
is much larger, the waves on account of interference will rot 
spread out so much but travel forwards at right angles to its 
Wavefr0I f J Fl 8 8M*)]. In this case no sound is audible 

S of Zd fr ° m Wh ‘ Ch 8traigM ,in “ Ca “ »>« drawn 


Ihe action of & Megaphone and Speaking Trumnet mar 

the larger openingf^do not swefd^ 0 ? 6 ’ Wh, ° u corres P ond 8 to 
more intense effect’ directly in front. ° U 8 ° and produoe a 



CHAPTER IX 

WEE, FORCED AND RESONANT VIBRATIONS 

Vr) 9- Free and Forced Vibrations-—We have so far been 
considering the oscillatory motion of the type in which the 
bodies have been vibrating with their natural rate of vibration 
which depends upon their dimensions and the elastic constant 
of the material of which the bodies are made. A tuning-fork 
vibrating freely, the stiings of the musical instruments and the 
reeds of a harmonium have all natural vibration rates. A pen¬ 
dulum displaced from its position of equilibrium and left to 
itself, vibrates under the action of gravity with a definite period 
depending upon its length. The period of vibration of such 
bodies is called Free Period and the vibrations are called Free 
Vibrations- Such vibrations diminish in amplitude according 
to certain simple laws and ultimately die away. 

We next consider a very important case where a body is 
maintained in a state of vibration by a periodic force which 
may or may not have the same period as the free vibration. 
The body in this case, will ultimately vibrato with the same 
period as that of the force, its vibrations being designated 
Forced Vibrations since their frequency is determined by that 
of the applied impulses rather than by the characteristics of 
the body itself. To illustrate it, hold the shank of a tuning- 
fork against the top of a table. You will notice that the sound 
is intensified, no matter what the frequency of the fork is. We 
say that the table is forced to vibrate in response to the periodic 
force applied. Both resonant air chambers and sounding 
boards in stringed instruments act precisely as the table top 
does, and the loudness of sound is due to these forced vib¬ 
rations. 

When a body vibrating freely has no resistance offered to its 
motion, its amplitude remains constant. But iu general there 
is always some resistance to be overcome which is called Dam¬ 
ping. The effect of damping is two fold, (i) a decrease in 
amplitude and (it) a slight change in frequency. It is usually 
a slight increase in the time-period (Se« Art. 122). If the resis¬ 
tance is very large, motion becomes aperiodic. 

110. Resonance— W 7 hen the period of the applied force 
coincides with the free period of the body, the force helps to 
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increase the amplitude of the body at each step of its vibration 
being always in phase with it. The effects of the successive 
impulses or pressure changes due to the periodic force may, 
therefore, be added up together and almost the whole of the 
work done by the force will be used up in increasing the ampli¬ 
tude which would become considerable. Such forced vibrations 
greatly exceeding in extent those which would be due to 
pressure changes actually occurring and resulting from accumu¬ 
lated pressure impulses, are called sympathetic or resonant 
forced vibrations or Bimply Resonance- 

Demonstration of Forced and Resonant Vibrations— 

Suspend from a flexible support, say, a light wooden stick four 
pendulums, B and C of equal lengths and A and D of different 
lengths. If one of the equal pendulums, say B , with rather a 
heavy bob is set swinging. C will soon gain an equal amplitude 
but A and D will never swing more than a small arc and if you 
notice carefully you will find that they keep getting up to a 
certain amplitude and then dropping to 
r.ero and so on. As B swings to and fro, 
it sends periodic impulses along the stick 
which pass on to 4,0 and D. These im¬ 
pulses^ are due to the sudden motion to 
one side of the point of support. The 
application of these periodic disturbances 
tends to set other pendulums in vibration. 

Consider first the effeot on C. The first 
impulse disturbs it from rest and it swings 
out and back again. But when it has 
just gone through a complete swing, the 
second impulse arrives and the motion 
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first 
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Being in the same direction as that produced by the 
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shorter than B) and D has nearly completed it (being longer) 
So they are still approximately moving in the original direction 
and have work done upon them i.e., receive energy. For the 
first few swinge the impulses due to B will arrive to find the 
pendulums A and D to he approximately in phase with them 
and their an plitudes will increase. But as the impulses get 
more and more out of phase with the pendulums, a time will 
eome when A or D will be moving in the opposite direction 
when they arrive and now they oppose the motion and take 
energy away from A or D and for several swings the amplitude 
gets less and less till A or D are at rest. But then the impulses 
act exactly as before and the swings grow again. These rises 
and falls of amplitude will continue for some time as though 
the vibrating pendulums are struggling to assert their own 
natural periods against the applied periodic force till ultimately, 
as we shall explain later, the pendulums will make a sort of 
compromise and settle down to a vibration that has the same 
period as that of B but the amplitude will remain small. The 
vibrations in A and D are called Forced Vibrations. 

112- Some Examples of Forced and Resonant Vibra¬ 
tions— (1) A remarkable instance of forced vibrations occurs 
when the two clocks which keep approximately the same 
time when placed on different, stands, maintain the same time 
when on the same stand. The pendulum of the clock which 
gains normally exerts a periodic force on the second so that the 
two periods tend to become equal ; the second clock exerts a 
similar effect on the first so that eventually the two periods are 
equal and the clocks synchronise. 

(2) The rythmic marching of troops over a suspension 
bridge sets it swinging if the natural period of the bridge is an 
integral multiple of that of the marching ‘tempo’. Then the 
impulses always occur in the same phase as the swing of the 
bridge and it oscillates more and more violently till its ampli¬ 
tude assumes dangerous proportions. On this account the 
troops when marching over a bridge are ordered to break step. 

(3) Suppose we have a motor, of which the speed can be 
gradually varied, mounted on a soft pad. Now the armature of 
a motor is never quite balauced and when rotating, will produce 
a small back and forth vibration of the mot »r for every revolu¬ 
tion. Suppose a thin steel spring is clamped at one end of the 
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base and the motor is started with a slowly increasing speed. 
While it is low, the vibrational frequency of the base is far 
below the natural frequency of the spring which, therefore, is 
set into forced vibrations with a small amplitude. As the 
vibration frequency of the base approaches the natural 
frequency of the spring, its amplitude commences to increase 
rather sharply. When the periods exactly coincide, we have 
resonance and the spring may swing through an arc 15 to 20 
cm. With further increase in speed the amplitude dies down 
again to a few mm. 

(4) A child soon learns that in order to ‘work up’in a 
swing t.e., to' gain a large amplitude, he must tune the force he 
exerts to the natural period of vibration of the swing 

(5) Often when one speaks or sings near a piano, a string 
may be set in audible vibration. This is due to the fact that 
the frequency of the sound waves striking the string is equal to 
the natural frequency of the string. In addition to these illus¬ 
trations the phenomenon of resonance plays an important part 

m other branches of science, namely, in Resonant Spectra and 
Wireless Reception. 


113. Resonance Box of a Tuning-fork.—Another example 

of everyday use of resonance is the resonance box of a tuning- 

, Ae a tun,n g-fork 18 generally used as a standard of con- 

sound For ,, „7 1CnCy ' lt ,; 9 d r ir f d , thftt 9hould omit a loud 

sound * or that purpose the shank of a tuning-fork is mounted 

:t„ a ne° e X „d a, The R d eSOn ‘ ,,Ce £ fa * ^ "ooden bo" 

at one end. Ihe dimensions of the box are such that the natu- 
ral Ume-penod of the air in it agrees with that of the fork 
Ordinardy, when a tuning-fork is struck, its sound can be heard 

the box ° 8e f u he But Whcn il ia mounted on 

and the’ i!t T '“r the b ,“ 18 set “to sympathetic vibration 
and the intensity of sound is considerably increased Owinu 
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will find that the other one is sounding feebly. Here, though the 
energy of the air 
waves emitted by 
the excited fork is 
small, yet their 
cumulative efb-ct 
is to set energetic 
vibrations in the 
other. The excited 
fork impresses its 

periodic move- Fig. 87. 

ments on its own resonance box. This sends out'waves which 
excite sympathetic vibrations in the resonance box of the other 
making its top vibrate which in turn sets its own fork to 
vibrate. 







114. Sounding Board and Forced Vibrations.—A sound¬ 
ing board pla^s a very important part in musical instruments 
like pianoforte, harp, violin, etc. as it helps to increase the 
loudness of the sound emitted by the vibrating body. If we 
stretch a wire between two isolated rigid supports lying on a 
hard floor and pluck it, the sound heard is very feeble for the 
air merely slips round the string and no proper condensations 
and rarefactions are set up. As the string alone is in contact 
with a small quantity of the air, it sets only a small quantity 
in motion The intensity of the sound is further reduced on 
account of the interference of the compression set up on one 
side of the string and a simultaneous rarefaction on the other. 
To increase, therefore, the energy transmitted to the surround¬ 
ing medium, the strings are fixed by suitable flexible supports 
on a sounding board to which its vibrations are communicated. 
The strings exert a periodic force on the supports which in 
turn set up forced (and not resonant) vibrations in the box. 
As the damping is very large the sounding board is able to fake 
up vibrations over a very wide range of frequencies. In this 
manner a much larger vibrating area is brought in contact with 
the air and the rate of emission of energy is greatly augmented 
The duration of sound is. however, proportionately decreased. 
It is desirable in good stringed instruments that the natural 
tones of the sounding board should not be close to the frequen¬ 
ces of the strings, otherwise there will be a disproportionate 
reinforcement of these frequencies. 

Let us now clearly understand the action of the sounding 
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Fig. 88. 


board i.e. } the manner in which a stretched string communica¬ 
tes its vibrations to it. 

In Fig. 88, AB represent a vibrating string attached by 

means of two flexible supports to a sounding board PQ. The 

string during its up and down motions exerts a force on the 

* supports drawing them 

a little closer when it is 

at the upper and at the 

lower limits of its swiDg. 

The supports, therefore, 

vibrate with twice the 

frequency of the string. 

i * I * , * % % movements of the 

string and vibrates with the same frequency as the string. 

When the string is at the lower limit of its swing, the supports 

are drawn inwards and the corresponding portion of the 

sounding board is concave downwards as shown in 1' 

When the string recovers the normal position, the board 

straightens but on account of inertia swings to the other side 

becommg concave upwards. This concavity and consequently 

the amplitude of its vibration is further increased by the ends 

of the supports drawing closer again by the action of the string 
“o 8 ‘“ the M ““ ‘“ereached its upper limit, the board 

fhe he 5 r “ 8hoW11 m 2'- We learn that 

the string and the sounding board though vibrating in opposite 
directions are always m tune with each other and these forced 
vibrations continue so long as the string is bowed. 

115. Further Con¬ 
sideration of Forced 
Vibrations—In order to 
clearly understand the 
phase and amplitude 
relations in the case of 
foroed vibrations, let the 
experiment described in 
Art. Ill be varied by 
suspending a small pen¬ 
dulum B from a heavy 
pendulum A (Fig. 89). 

When A is set oscillating 
it will impress on £ a har- 
monio foroeof its own 
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period and produce forced oscillations in it. The amplitude of * 

B, however, will depend upon the relation of the natural 

period of B to that of A. The following three cases will now 
be considered :— 

(i) The natural period of A is greater than the natural 
period of B i.e., the frequency of the applied force is less than 
the frequency of the body. This is obtained by making the 
length of A greater than the length of B (Fig>9 (a)] We 
find that soon B settles down to a regular vibration of the 
same period as A and in the same phase as A. Its amplitude 
is s'ightly larger than that of A. 

(ii) 1 h** time-periods and hence the frequencies are exactly 
equal. In this case the amplitude of the forced vibration 
becomes very great. Theoretically speaking the amplitude 
should be infinite but on account of friction etc. it is never so. 
This is the case of Resonance, 

( Hi) Time-period of A is less than that of B i.e.. the frequ¬ 
ency of the applied force is greater than that of the driven. The 
motion in this case is opposite in phase as shown in Fig. Hi) (b). 

We have seen that in all the cases, there is a certain amount 
of vibration set up. This, however, soon dies away leaving 
the forced vibration only. The amplitude of the forced vibration 
may be calculated in terms of the characteristics of the applied 
force. It is equal to 

//\/(n 2 -p a ) a + 4*V. 

where / is the intensity of the applied force, n the natural 
frequency of the body, p the frequency of theapplied force, h the I 
‘coefficient of damping.’ The expression is deduced from dyna- ' 
mical considerations discussed in Art. 123 [see equation (22).] 

Fig. 90 shows in a graphical manner the result of some 
simple cases for various degrees of damping. The frequency 
(p) of the applied force in terms of the natural frequency (n) 
of the body is plotted along the abscissae while the ratio of 
the amplitude of the forced vibration to that of the applied 
force along the ordinate If p is small as compared to n, i e., 
the length of the pendulum A is very large compared to 
B the resonator (pendulum B) follows the motion of 
the point of suspension (the ratio between the amplitudes 
.4 = 1.) As p increases the amplitude of the resonator increases 
more and more until for p=n. it becomes infinitely great being 
asymptotic to the y-axis shown dotted. This is the important 
case of sympathetic resonant vibration. But as some damping 
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due to friction etc., is always present in a vibratory system, 
an infinite amplitude is never attained as the theoretical curve 
indicates but a carve like 1 is obtained. As p is further in¬ 



rig. wo. 

^• ed \ the a “ pU , tude of the forced vibration decreases asain 

8 ?« er ° f ° r ' ar ? e of the applied fo“e The, 
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_ Z®; .‘ t may 1,6 ° oted that ft® two vibrations for values of 
p greater or less than n are in opposite phase. 

116. Phase of Forced Vihmtinna Tf a u .. . 


tan 9= -|*P 
n* —«* 


[Art. 123 equation (19 o) 
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This is ihe ca<*e of exact Resonance. For appreciable damping, 
it is seen that the phase difference gradually increases. For 



Fig. 91. 

slow forced vibrations (»' e., p<n) it is very small, increases with 
increasing frequencj of the impressed force in a manner depend¬ 
ent upon the degree of damping and finally always reaches the 
value tt/ 2 at resonance. The forced vibration is in its position 
of greatest displacement when the impressed force is just 
passing through its equilibrium position, big. 91 shows, phase 
differences as a function of impressed frequencies for different 
damping factors marked 1, 2, 3, etc. 

117. Effect of Mistuning on the Amplitude of Resonant 

Vibrations—Sharpness of Resonance. -Experiment shows that 

a given amount of mistuning between the impressed and the 
natural frequencies has not always the same harmful effect on 
the intensity of resonant vibrations. When the frequencies 
agree, it,is only the presence of damping which prevents the 
vibrations from attaining an infinite amplitude. The damping 
becomes more and more powerful in its influence as resonance 
is approached. Further, the greater the dependence of the 
intensity of forced vibration on the exact equalities of the 
frequencies of the external force and the body, the sharper is 

the resonance said to be. 

The mathematical investigation shows that sharpness ot 
resonance varies inversely as the square of damping coefficient. 
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In other words the smaller the frictional damping, the more 
important does exact tuning become in order to obtain greater 
energy in the forced vibration. 

For smaller values of damping coefficient, the peak value 
of the amplitude is greater and moreover, the amplitude falls 
rapidly on either 6ide of the resonance frequency as shown in 
curve (1) of Fig. 90. This corresponds to sharp resonance, i e., 
here the tuning must be close to get powerful resonance. It is 
beautifully illustrated by a tuning-fork which may be excited 
through the medium of surrounding air by the vibration of a 
second tuning fork. When the two forks are clost-ly in tune, 
there will be a very marked response, otherwise there is practi¬ 
cally no effect. 

On the other hand, we find that in a sounding box or in an 

air column inside a pipe where the damping is considerable, the 

resonant vibrations can be easily excited for a wide range of 

frequencies on either side of the resonant frequency as shown 

m curves (2) and (3) of Fig. 90. This type of resonance is said 
to be fiat-. 


• ex Pl anat i° n these facts is very simple. Resonance 
»s due to the cumulative effect of successive impulses. If the 
damping is very large as in the case of vibrating air columns 
or a sounding box, the natural vibrations will decay quickly so 
that by the time say, the 15th impulse is oorning, the effeot of 

n mpU t h&9 a ) read ? disappeared. This mea^s there is 
practically no chance for the impulses to get appreciably out of 

*? d ,*•«* diminish the amplitude. PP For maximum 

a 7 an , dth6 * m P re8se d force have to 

tuning wilf f J P u r ° D > that “■ a slight amount of mis- 
tunm g will not produce a harmful effeot on the amplitude of 

dteawav HoLY' 0 ™' ’ °.“ hand - the natural vibrations 

Zt the rn.Y y ■ m a , tUniDg ' fork there » ample opportunity 
fee the efflT‘7 Unt ! Ul8e8 *° ? 6t out of P haae and neutra 
tunincwoiiM Y earller lm P u| ees. In such a case much closer 

resonfnw so d that 6 rt f0re 6 “Tr ry for maximum intensity of 

sr* ’ ,b 
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resonators. They will resound energetically to tuning-forks of 
appropriate pitches. Helmholtz, for his work on complex 
sounds and other acoustical determinations, devised special 

types of resonators known 
after him as Helmholtz's 
resonators. Two forms of 
Helmholtz’s resonators in gene¬ 
ral use are shown in Fig. 92. 
They are either globular or 
cylindrical boxes made of 
brass with a wide mouth at 
one end to receive the exciting 
waves and a narrow neck at 
the other to conduct the vibra¬ 
tions to the ear. The air 
Pig. 92 cavity is almost completely 

enclosed with the result that only a small portion of the 
energy is radiated into ihe medium. The damping is. therefore, 
small and the tuning sharp. For this reason it is specially 
suitable for detecting sounds of a definite pitch and 
feeble intensity. If a compound note is sounded near such a 
resonator and if it contains the component to which the 
resonator can resound, it will ‘pick out’ and magnify the 
component. Such resonators are made in sets the pitch of 
each being known, and they can be used to deteot the com¬ 
ponents of a complex note although these components may 
be too feeble to be detected by the ear alone. The form ( 6 ) 
is a cylindrical resonator made in two pieces to slide one inside 
the other so that the volume of the air inside is varied at 
will and thus the same resonator can be tuned to different 
frequencies. 

*119. Theory of Resonators —Let us now see how 

oscillations are caused in resonators and what is the frequency 
of such oscillations. Rayleigh, who developed tbe theory of 
these resonators, regards the air in the mouth as acting like a 
reciprocating piston alternately compressing and rarefying the 
air contained in the resonator. Further, it is assumed that the 
dimensions of the resonator are small as compared to the 
wavelength of sound in the free air and therefore, at any 
instant, a condensation will be uniform throughout. The action 
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of a resonator may be described as follows. Let us suppose 
that the stream of air rushes in by the mouth A. It increases 
the presoure of the air inside. The increase of pressure checks 
the stream of air and causes an outward rush and the 
momentum, thus acquired, will carry the stream past its posi¬ 
tion of equilibrium and a deficit of pressure is thereby acquired 
inside the resonator Consequently a stream flows in the 
reversed direction and thus periodic) oscillations are set up 
(see Art. 4). Comparing these oscillations with a mass attached 
to a spring we can say that the air piston in the mouth is the 
mass and the air in the cavity is the spring. Let l and a 
denote the length and the sectional area of the mouth and 
p the normal density of the gas in the mouth.' Then the mass 
(if) of the air piston is pZa. For adiabatic changes in the 

volume of the cavity, we have pv^= constant, where p and v 
are the pressure and volume respectively, and y is the ratio 
between the two speoific heats of air. 

Differentiating we have, 


y — 1 y dv 

ypv dv + v dp=0, or dp= — yp— -• 

For a small change in the volume the total force on the 
piston is dp x a and the change of volume dv per unit displace¬ 
ment of the piston is ax l=a. Thus the restoring force ( F) per 

unit displacement of the piston = dp a* = — yp — • or E — 

, v <f> v 

fit Kama LI i - - \ • i 1 % • • • . . _ ' 


where (—yp) is the adiabatio elasticity, 
equation of motion is 

which indicates a frequency of osoillation 

v 1 / F 

_ . 

rutting the values of F and M we have, 


The differential 


V v 


a * — 

fa 2 t r ’ lv ’ 


where 


V 




2tt V t>p/i_ 

O.cS/Mntr^flrw^ treated 
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of oscillatory motion only experimentally. We shall now 
investigate the dynamical basis for such motion. Let us recall 
some of the simple cases, namely—the motion of a simple 
pendulum, or that of a vibrating string of a violin. The system 
when displaced from its stationary position would return to it 
on account of the restoring force called into play but the 
momentum acquired carries it. past that position to the other 
side till its kinetic energy is wholly converted to potential and 
the system comes to a momentary rest. Again the force brings 
it back and the to-and-fro motion is repeated which, but for 
resistance, may continue indefinitely. In all such cases an 
interchange of kinetic energy to potential energy and vice 
versa, is taking place. Assuming that neither energy is received 
nor dissipated into heat by internal frict on etc., we have from 
the Law of Conservation of Energy that the sum of kinetic and 
potential energies will be constant. 

Let us consider the oscillatory motion of such a conservative 
system, say, of a mass m under the influence of a restoring 
force which is — p times the displacement. Then its kinetic and 
potential energies are given by 

K = \mv t =\m ••• ••• (*) ' 

y 

and P =f v-ydy=lny* ... — ( 2 ) 

0 

Since there is no loss or supply of energy by some external 
agenoy, we have (i£-f _ .P) =con8 t ;an t. ... ... (3) 

or ) +i* t y* == ^ *•* ”* ^ 


or 

or 


differentiating with respect to *, we have 

dy d*y , =0 


m 


dt dt a 




dt 



This is the differential equation of the motion sought. The 
integration of this equation will give us the displacement of the 
particle under the influence of the restoring force. Multiplying 


this by 2 , we have 

dt 




dt dt 2 

Integrating we get (^) -\-n 2 y t =C’ 


dy 

To determine C\ suppose y=a, when =0. 

C' = a*n 2 . 

(^*=a i n l -nV = « s («*-y t ) 

=n v /a 2 -y t 
=n dt 


then 


or 


or 


Integrating again sin -1 ^=nt-\-<f> 
whence —-=sin 

or y =a sin {nt + <f>) ... ... (6) 

where a and <f> are arbitrary constants. This motion is Simple 
Harmonic with amplitude a, phase <f> and of time-period given by 

t= 2 -?=2^V— .(7) 

n p v ' 

Example- an exampU of the application of this method 

consider the case af a mass M suspended by a coiled spring, the 

mast of the latter being too great to be negligible. Assuming the 

spring of mass m to be uniformly stretched at every instant of 
*ts motion we have its potential energy 

PsB l W* : 

where (a=? q being the Young’s Modulus, a the cross 

flection and l, the length of the coiled spring. 

Kinetic energy of the suspended mass 


-»* <£}’ 
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To calculate the kinetic energy of the spring take the axis 
of x along the spring, the origin being at the upper or the fixed 

™dx is the K.E. of an element of the 

spring of length dx and abscissa x while the lower end has the 

speed (gp. * 

Hence the K.E. of the whole spring and the mass at the 
same instant is given by 

0 

df ) 1 +*"(*)■ 

whence proceeding as above, we have, 

T=2n y](u+’j)l |i. 

*121. Damped Vibrations-—In the above discussion it 
has been assumed that the vibrato?y system is not subject to 
any dissipative or frictional forces involving loss of energy and 
therefore it would continue to vibrate for an indefinite time 
with a constant amplitude. But in actual practice we find that 
this does not go on for ever. The prongs of a tuning-fork vibrate 
with steadily decreasing amplitude ; the bwing of a pendulum 
becomes smaller and smaller. The cause of this diminution 
lies in the presence of frictional forces both within the metal 
of the tuning-fork (internal friction) and in the retarding 
action of the medium (air or water etc.) upon the motion, ihe 
amplitude of the oscillations gradually diminishes and ultimately 
the body comes to rest. The frictional forces change with the 
velocity of the body but for small velocities the retarding force 
due to a fluid may be taken to be proportional to the velocity. 
Much experimental work has been done to make sure how the 
force of fluid friction depends upon v since this is a matter of 
very great concern in aerodynamics. The work of the Russian 
Mayevski with rotating projectiles has shown that the force of 


end. Then \ ( 
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air resistance upon elongated missiles can be represented by the 
formula, 


where n and R have different values in different velocity ranges. 
At ordinary velocities n=l, that is, the resistance is directly 
proportional to the velocity. 


Returning to our problem, the motion of the particle which 
we now attempt to consider is subject to (t) a restoring force 
proportional to the displacement and (it) a resistance varying 
as the velocity. Such motions are called Resisted or Damped 
Oscillations. All vibrating bodies are subject to these forces, 
for otherwise the system would be conservative and there 
would be no emission of energy etc. 


Let us suppose that the resisting force is given *by 
*’ =_r Cif)- where r is a constant depending on the dimensions 


of the body the minus sign indicating that the force opposes 
the direction of y. The rate at which work would be done 
against friction etc., 





This is the rate at which the total energy of the system 
would be dissipated, therefore, 


£(*+#>) =-r(4f)* .(8) 

Substituting the value of K and P from (1) and (2) we 
have, ’ 


or 

or 

or 


dt~k m ( d Jt) +^ ! ]=—< d / { )‘ 

=0 

d hL , r dy . V- 
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Put 


-~——2k, and— =n* 

TV 77} 

2+4 +*> -»■ 


• • • 


(0) 


This is the differential equation for damped harmonic motion 


at 


which may be solved in the form, y=e. From this we have, 

dy at, , d 2 y , at 
/ =ae and -j[, = a 2 e 
dt dt- 

So that on substituting these values iu equation (9) we get, 


or 


a *e at + 2& ae at 4- n 2 e at =0, 

a s +2*a + n 2 =0, 


that is, a = -k±\/k 2 -n 2 

and there are two solutions 

(_ k-\-y,'k 2 —n 2 ) t , rw (— k — \/k 2 — n 2 )* 

y=A e x ' v ' and y=B<>' ' 

where A' and B' are any arbitrary constants. 

Now when two solutions such as, 

y -A'e { - k +' /k2 - n2)t = 0, and y -B , t [ ~ h ~ y/ ^~ ni)t = 0, 
have been found, it obviously follows that, 


22/ 




A' B' 

or writing A for - and B for ’ we get 


y= ,Ae<- k+ ' /k, - n ‘ ,t +Bel- k -' /k, - nt)l 

Let us define the limiting conditions. 

If the system starts with maximum displacement but no 
velocity, then 


( 10 ) 


and 


y— 7 Jo t 

dy . > when / = 0. 


A + B=y 0 


• • • 


• • • 


Hence 

and (~k+\/k*-n 2 )A+(-k-sk'-n')B=0 


(0 

(«) 
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But A-\-B =y 0 

-ky 0 +y/k?—n t (A--B)=0 

A-B=M= .(it*) 

y/P—n* 

From (») and (tti) 


aud 


2 A=y 0 ( I f 
2B=y 0 (l- 


v/fc a 

k 


; a —nV 


) 


V=!/o 


y/P—n*' 

Substituting tbe values of A and B, we have 

1/I4. ^ v #> (— n *)* 

H vfi-w*) 

ft(i- .-- ) e (-fc-vi»-» # )<l 

\ y/P-n 2 ' J 


( 11 ) 


The equation (11) indicates that the motion depends upon the 
relation of the magnitudes of k and n. 


Case /.—When P>n 2 , the roots will be real and negative. 


The expression for y shows that the displacement decays 
asymptotically to zero, Fig. 93 (a). The retarding force is so 



Fig. 93. 

great that the particle does not vibrate. Such a motion is called 
aperiodic motion and is realized in a dead-beat galvanometer or 
m a pendulum swinging in a very visoous fluid. 

Case /'/.—When P=n 2 , equation (11) evidently breaks 
down for m this case two of the coefficients become infinite. 
Upturning to equation (10), let us see what form will this take 

when n t has not vanished but is reduced to a small 
quantity h. 
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Then y= 4*f-**M« -f 

' =f~ it \Ae ht -\-Be~ f ' t ) 
Writing e ht and e~ ht in the form of aeries, 

w , , h 2 t 2 h*i* , 

f « = ] +^/4- gj + j-j'4- 


, —Af 


= ]-/«/ + 


A 2 * 2 A 3 / 3 

2 ! ~3 ! + " 


we have. 


»=«-« {^(l+«+”‘+..-) +b( 1)} 

Now h being small ihe terms h 2 and higher powers may he 
neglected but the quantities Ah and P>h have unknown magni¬ 
tudes since A and H are unknown 

Then. »/=*-« ■{ IA + B) + (A-B)ht y 

Denoting the two constants (/14-/?) and (A — B)h , by C and 
// respectively, we have 

U=e-t\G+Ilt) 

This is the transition case of Critical Damping' the motion 
being just aperiodic or non-oscillatory. 

If now y=y 0 when f—0, 

(i =y 0 

dy 


and if 


til 


=0 when t=0. 


H = ho 

y=yo e ~ k, (i +&) .*• (* 2 ) 

The chain curve in Fig. 93 (6) represents the equation in 
the given case. 

Case III.—A very important case arises when **<«*. The 
roots are imaginary since k 2 — n 2 is a negative quantity. Let st 

be written as y/— 1 y/vA—V 2 or 1 0, where i = \/ — land 
y/n 2 — k 2 »o that the quantity under the root sign is again real. 

Equation (11) then becomes 

{>(>+& ).'-* +,w ;■) 


y=2/ 0 


2 * 0 / ■ ^ «/*' J 

=y<r u {(i+2/p) t+ ' pt + (tip) e & } 
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'■*+« M t 
2 "" + ~p 


=yo« _w { ~ 

Now, the exponential form of 

cos /?/ is - 

anti of sin fit is 


i&t ^ 

e —c l 

2 » / 


4-e 

o 


-ipf 


— e 
2 * 


-ipt 


Putting these values in our equation we get, 

y—y^ 1 ^ 009 sin ^ 

=y* drl & 009 0' + *' 8in & y 

p 

Let <b’ be an angle such that 

k=r cos <f>' and /8=r sin <f>' 

re~ k * 

y—y 0 — o •{ sin fit cos <£' + co9 fit sin <£' 
P • 

=y 0 sin </&+*') 

=a'e-« sin (/W+f) 

where a' =^° f and fi=\/n*—k* — £— * 


2 

4m* 


(1H) 


This relation for y represents geometrically a Simple Harmonic 
curve of which the amplitude a'e _w diminishes exponentially 
to zero with increasing time. Since the periodic term 
sin alternates between the limits il, the space-time 

displacement y of the curve lies between the curves i/= 

[ see Fig. 93 (h)]. The measure of the decay of the amplitude 
is the constant ‘d*’ called Damping Co-efficient. Note that the 
equation differs from the equation of the undamped motion by 
the introduction of t he factor e _w . 

122. Effect of Damping. —The damping produces two 
effeots (») the deorease in amplitude as explained above and 
(ii) the increase of time-period. In the case of undamped 
oscillations, we have seen already that 
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T=— or 

n n 2 

whereas in the case of damped oscillations 

2 77 477 2 


277 


r p > — ~ _ 

P ~~ \/n 2 — I: 2 


or T' 2 = 


n 2 -lc* 


(14) 


which shows that time-period has become greater. In most 
cases occurring in practice, however, the difference between n 

and y/n*—k 2 is a very small quantity of the second order and 
may usually be neglected, i.e. t the effect of damping on the 
period is usually negligible except in a few extreme cases where 
the vibrations are strongly damped. Experiment has shown 
that in the case of a tuning-fork the damping is so small that it 
lowers the frequency by 1 part in 6 millions. But, on the other 
hand, in the case of air columns k is so large that vibrations die 
out after a few oscillations. 


*123. Forced Vibrations, Resonance —So far attention 
has been confined to the vaivral oscillations of an elastic system, 
i.e., the oscillations that occur when it is displaced and then 
released. Under such circumstances every elastic body vibrates 
with a natural frequency that is wholly determined by the 
elastic constants and the vibrating mass. 

We have seen in Arts. 120 and 121 that in the absence of 
the friction the frequency of the vibrating mass m is given 

b - v 71 =2 lV» 

and in the presence of the friction it is given by 



But when the mass is subjected to an oscillatory external 
force such as a bridge which vibrates under the rhythm of 
marching soldiers, the prongs of a tuning-fork which is 
exposed to regular impulses of a sound wave or when one 
sings near a piano, the oscillations that ensue are called 
forced oscillations. 

Use is very often made of an external periodic force to 
maintain the vibrations of a system. The impressed periodic 
force may or may not have the same period as the free 
vibration. Note that in this case our vibrating system is 
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subjected to damping and to an external periodic force. The 
frictioD tends to retard the motion and the impressed force 
tends to maintain it. Evidently the result should be a settl¬ 
ing down to a certain definite amplitude and phase which will 
remain constant while the impressed periodic force continues, 
the frequency being that of the impressed force. Ln the 
special case when the period of the free vibrations coincides 
with the period of the force, we have the phenomenon of 
Resonance 

Let the external periodic force be represented by F sin pt 
where F is the maximum value of the force of frequency pi 2 tt. 
Then we may write the equation of motion as follows :— 

d 2 u dv _ . 

m Jt- r dt+* iy==F3X npt — ( 15 ) 


or 


d*y r dy . n F . 

, 7 ; + — ~ + - y = - - sin pt 

dt- m dt m m 


Writing — =2Jc, ^ =n 2 and ^ =/, we get 

m m in J 6 

d d y t + n *y=f 6m Pt - ... ( 10 ) 

The vibration maintained by a periodic force has the same 
period as that of the force viz., 2irlp and the amplitude of the 
maintained vibration almost, remains constant. Therefore we 
write for the maintained vibration 


y = A sin (pt-d) ... ... ( 17 ) 

where A represents the amplitude of the maintained vibration 

and 6 the lag in phase of the same i.e , Q represents the phase 

difference between the force and the resulting displacement of 
the system. 


Substituting the value of y and its differential coefficients in 
(lti) and writing sin p* = ein (p/- 0 -f 0 ), we obtain 

—Ap' sin (pt—0) + 2kp A cos (p/-0) + nM sin (pt-B) 

—/sin (pt-Q+Q) 

or 4(n»~p«) ain (pf-0)-f 2kp A cos (pt-B) 

=/ cos B sin (pl~0)+/ sin 0 cos (pt-B) ... (18) 

, *u eqUat i°“ (18) holds S°° d for all values of t we mav 
equate the coefficients of sine and cosine of (pt—0). * J 
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Hence, we eet 

A(n*—p 2 )=f cos 6, and '2icp A=f sin Q 

f , . 'Mp 


thus A = 


V(n 2 -p 2 ) 2 -MA- 2 p 2 


a ikp 

, and ten o = —, 2 

n-— p 


//= sin (p(—0) 

\ (n* —p 2 ) 2 +4i* 2 p* 


( 10 ) 

(19a) 


... (2U) 


Equation (20), however, does not represent the complete 
solution of equation (16). We may add to this another value 
of y as found in the preceding article, which makes the left side 
of (16) equal to zero without impairing its validity as a solution. 
Hence, we have the complete solution, 


_ _ - d sin (pt — B)-r a'e kt sin (/?/-f 4> ) (21) 

y V(n 2 -p 2 )'+4*V 

2 kp _ 

where tin 0= “ and 8=y/n t —k t ,a and <£' are arbitrary 

n a — p* 

constants depending on the initial conditions. 

Note that the second term is only important in the beginning 
and it opposes the forced oscillations but after some time the 
natural or free oscillations die away and only the forced 
oscillations remain. So that the first part is the only important 
part of the solution. 

This shows that after some time when the free vibrations 
have died out, the system begins to oscillate with the period of 
the exciting force. The amplitude A of the forced vibration has 
been obtained by squaring and adding the two components of 
equation (19) 

whence A*! (»*—p*)* + 4**P f >• =/* 


-^(n 2 —p 2 )* + 4^ 2 p 2 

We notice from the expression given above that the ampli¬ 
tude with which the body is made to oscillate depends upon the 
relation of n and p. The more they differ from each other, 
the greater n*-p* will be and the smaller the amplitude. It is 
maximum when n=p when the free period of the body is 
the same as that of the impressed force. This is the case ot 
Resonance. It is, moreover, clear that if there is no damping, 
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k is equal to zero, then for resonant vibration, i.e., p ==n, the 
amplitude will be infinite. y. 

Actually this never happens ✓ yy 

for the damping co-efficient 

k is Dever zero, (see Fig. 9U). y & y^ 

/A X** y/ 

The meaning of the y^\ y q_ 

phase angle 6 is best demrn- «< 

strated by means of the right ±y^ ** 

triangle of Fig 93 (r). ^y 




& 

*4 


From it we see that 

a -kp 
* ,n# =-£- 


COB 0 = 


n 2 —p 2 


„2 2 
n-p 

Fig. 93.(c) 


and 


tan 0=-^ 

n*—-p 


...(23) 


• (25) 


provided 

p*J 2 + 4 fc 8 p 2 1941 

The equation (20) may be written as 

y=b*™ (pt-e) ... ( 25 ) 

The phase angle 6 depends upon the values of the damping 
coefficient k and the relative magnitudes of p and n, that is, on 
the entire physical condition of the sys em. But for any 
impressed frequency ,t is zero when damping is negligible. For all 
values of p smaller than n, tan Q is a small +ve quantity and for 
values of p greater than n, however, tan 0 is a small negative 
quantity t.e, the forced vibration differs in phase by tt nearly. 

For resonance p=n, so tan 0 is infinite and 0 is, therefore —. 

quartos 6880 ' 1 the vib,ation differ in 

? nd R««onance In the problem of 
forced OBoilIations the velocity of vibration is usually of creator 

iffethe r® 4 18pla ° emeDt - < In alternating current® work 
it is the current that corresponds to velocity* Tt ia 

at onoe by differentiating equation (26)7 W ' ° btamed 


fP 

v = jy (cos pt— Q) 


... (26) 
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The quantity —is called the Mechanical Impedance of the 


system and is usually denoted by Z. From equation (24) 


-Vc 

D . 


(27) 


Substituting Z for -- the equation (26) reduces to 

v=jL cos {pt-Q) 


• • • 


(28) 


So that if p=n, tan 6 is infinite and d is therefore ^ , 

Se 

V=1 oos(p(±|-) 


whence 


= ± -L sin pt 


• • • 


• • * 


(29) 


a 


nd 


that the force and the velocity will be in the same phase. 

Themax'L am value of t> during any period of motion is g- 

is called the velocity amplitude. Let us see how it varies with 
the impressed frequency. To do so we shall investigate the 
variation of Z with p. 

(1) Assume that k=0 ; that is there is no damping In that 
caseZ*» for p=0 and for p*ax. But it has zero value 

when — —p i.e., the frequency of the impressed force is equal 

to the natural frequency of the system. The velocity then 
becomes infinite and what is called the “Resonance Cata¬ 
strophe” takes place. It is indeed a dangerous condition and 
the designers of tbe moving machinery like aeroplane etc. have 
to be very careful never to have driving frequencies which are 
close to the natural frequencies of the structural parts. The 
phenomenon of resonance in general is the excitation of large 
amplitudes of motion or velocity by means of small periodic forces 
applied at the proper rate. We have heard that a suspension 
bridge may collapse due to the large swing produced by the 
regular steps of the soldiers marching in formation when their 
tramp happened to keep time with the natural period of the 
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bridge unless i heir step is broken. The appearance of rattles 
in a motor car at definite driving speeds may have been experi¬ 
enced by several readers. 

(2) Assume that k is finite, that is damping is present. In 
this case also resonance occurs but resonance catastrophe is 
reduced to limited proportions, v though maximum, has a 
finite value. The value of p corresponding to this maximum is 
the one that minimizes Z and is still given by p=n. as the 
differentiation of Z and equating it to zero will show. 


CHAPTER X 


CHARACTERISTICS OF A MUSICAL SOUND: 
^POPPLER’S PRINCIPLE 

124. Noises and Musical Sounds—We have seen that 
sound is due to some sort of mechanical disturbance propagat¬ 
ing through a material medium. This mechanical disturbance 
may be either of a periodic or of a non-periodic character. If it 
is periodic, regular and long continued, it produces a pleasing 
effect; but, if it is non-periodic, irregular and of very short dura¬ 
tion, it produces a displeasing effect. The sounds produced by the 
former type of disturbance are called musical sounds and can 
be obtained by blowing into an organ pipe, by plucking the str¬ 
ings of a sitar or by playing upon a harmonium. Those produced 
by the latter type are called noises- They are abrupt sounds of 
a complex character with an irregular period and amplitude 
originating from a source in non-periodic motion. The report of 
a gun, the rustlmg sound of dry leaves, the sound of a hammer 
striking an anvil, the sound produced by the clapping of two 
wooden blocks together, etc. are all examples of noises, 'lhe 
displacement curves (a) and (6) of Fig. 94 exhibit graphically 
the physical difference between a noise and a musical sound. #. . 
The curve (a) represents the wave disturbance such as would be 1 
associated with a particular kind of noise. It has no definite 
period or amplitude and is very irregular and complex in 
character. The curve \b) evidently represents the displacement 
curve for musical sound waves. It is periodio in character and 
possesses regularity of shape, amplitude and frequency i.e. t it 
shows no sudden variaiions in pitch and amplitude for an 
appreciable interval of time. To sum up, the essential charac¬ 
teristics of a musical sound are its, -periodicity , regularity and 
continuity . and it may be defined as one which is produced by a 
series of similar impulses following each other regularly at equal 
intervals of time and in quick succesion with no sudden variations 
in the amplitude. But noises, on the other hand, lack these 
characteristics. Below we shall deal with the musical sounds \ 
only. 
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Muscial sounds may differ from each other in three respeots: 
(») Intensity or Loudness, (ii) Pitch, and (tit) Quality or 
Timbre. 

125. Intensity or Loudness.—This is the characteristic of 
all sounds whether musical or non-musical. It relates to the 



A>o/S£ 


MUS/CAL SOUND 
Fig. H4. 

magnitude of the sensation produced on the organ of hearing. 
It may be noted that the intensity of sound waves is a purely 
physical quantity independent of the ear and is measured *by 
the amount of the wave energy orossing per unit time through 
a unit area taken perpendicularly to the direction of propa¬ 
gation. Mathematically we have seen (Art.44) that the energy 
of a wave and hence the intensity at a point is proportional to 
the square of the amplitude of vibration of the point. But the 
distinction between this physical quantity called Intensity and 
the meaning to be understood by the term, loudness , must be 
clearly noted. The loudness of a sound is not the intensity of 
waves but something which depends upon the intensity of 
waves producing it, and increases and decreases with the 
intensity of sound not in a simple way but it varies direotly as 

1 u £ 00 log / (Weber and Fechner’s Law*) 

where L represents the sensation of loudness and /, the intensity 

• T° 8U °? up th , e intensit y of sound is a purely physical 
quantity independent of the ear and has objective existence 

noWhSi 0n v ! 16 . otl } er hand , “ the de gree of sensation and is 

unon thi l ph ^ al , b . Ut partly 8 ub i eotive ^d does depend 
upon the ear and the listener. " 

‘Intensity or^ w VarioU , B / aotor8 a P»“ which the 
intensi ty or Loudness of a sound depends:_ 

loJ.ruir o ^h. h ^3uT g ‘ ,i * Ud * ° f “ r ■ Proportional to th. 
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(i) Amplitude of vibration of the source.—Pluck the string 

3 of a monochord, and note its 

amplitude as well as the loudness 
of sound. Again pluck it with a 
greater force, notp that now 
it will vibrate with a larger 
amplitude and at the same 
time will produce a louder sound. 
When the am ditude d* creases 
Fig 96 the loudness decreases as well In 

Fig 95 (a) AH denotes the amplitude of the upper wave and the 
curves (a) and ( b ) differ in no other respect but in amplitude. 
We saw in Art. 44, that the energy and hence the Intensity' of 
a Bound wave varies directly as the square of the amplitude 
and consequently it will be much greater for the Bound depicted 
by the curve (a). 

(ii ) Size of the sonorous body -A large vibrating area s-nde 
out a gieat amount of energy, and so the larger is the sizeof the 
sofcorous body, the louder is the sound produced, lhis is why 
a larger tuning-fork produces a louder sound than a small one. 
For the same reason, a small tuning-fork which produces a 
feeble sound ordinarily produces a loud note when its st< m is 
pressed against the top of a table. Church bells having a arge 
vibrating area than an ordinary gong, can be heure from a a 

distance. __ ; „i 

(m) Distance from the source.—Imag 
surfaces A and B with the source as centre 
and r, and r 2 as their radii respectively. 

Then the amount of energy flowing aoross 
unit area of the surface of the sphere A is 

E , r. *i— total 


given by /,= 


where E is the 


energy 

source. 


477 ^ 

emanating per second from the 
Similarly, for the sphere B 

i-JL 

if_ 47rr* 



. h _ - r *l 

’ * I t EIAttxJ r* 

i.e , intensity at a point is inversely proportional to the square 
of its distance from the source. 
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(»v) Density of the medium. —As the kinetic energy of the 
medium increases with the mass per unit volume of the medium 
it naturally follows that loudness will depend on the density 

of the medium ; the greater the density, the more intense the 
sound (Art 45). 

(f) Presence of other bodies.— A resonant body when plaoed 
near a source intensifies sound. Even large reflectors act as 
sound amplifiers. 

(t>t) Motion of the medium.— Sound is carried to a 

greater distance in the direction of the motion of the air 

and as shown in Art. 45 the amount of energy crossing any 

area/sec. will correspondingly increase. In other words the 

intensity of sound is greater with the motion of the medium 
than against it. 

..A 2 , 6 : ” ow “ loudne ” measured ? The Decibel— We men. 

tioned in the previous section that L oo log This result 

been experimentally tested. So we may put ™ 

L=K log 10 7 

S her «;» a constant of proportionality. 

Now if L, ana L ? be the loudnesses of two sounds and /, and I 
their respective intensities, we have, 1 Q 1% 

d L *= K •ogio^a 

Subtracting L^-L^K loglog w / t 


i°g.. 


lm f V k S U ii method of measuring the differenoe in 
sounds 88 7 kn0WD a8 lnUn * il y kvtl, between any Two 

If2T=l, L is measured in l bels* «. ««?* _, -. 

Alwander Graham Bell the inventor of’the telephone. * ” 
if Z= 10 , L is measured m 'decibel*', one-tenth of a ‘W*. 

■^l—decibel 

T =10logger log,.^ = i 

1*269. 
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two sounds are said to differ in loudness by one decibel 

when their intensities are in the ratio ol 12/.9. To build a 

scale of loudness, we have to fix its zero. The loudness corres- 

ponding to the‘threshold of hearing’ is the zero of tlrs scale. 

. A lowing table gives the value of some sounds measured 
in decibels. 


Threshold of hearing 
Whisper 

Average conversation 

Motor trucks and heavy street traffic 

Roaring lion at 20 ft. 

Thunder 
Painful sounds 


... 0 

... 10-20 
... 60—(i5 
... 70 — *0 
... 00 

... loo no 

... 130 or above. 


It will be clear from above that the loudness of a sound does 
not increase in proportion to its intensitv. For example when 
/j= 100 and / 2 = 1, 


L x L 2 —10 log I0 


100 

r 


= 10 log 10 10 2 =20. 


and when / 2 =1000 and /, = 1, 

I'x — L-i = 10 log 10 -5^5? = 30. 

In other words, we learn that when two sounds differ by 20 
‘decibels’ the louder of them is 100 times more intense and uhon 
they differ by 30 ‘decibels’, the louder one is 1000 times more 
intense. It is obvious, therefore, that when I is increased to 
ten times the former value, the difference in loudness is not 
20 X 10 decibels, but is only 30 decibels as shown above. For 
Sensitivity of the Ear and the Limits of its Audibility see 
Art. 146. 


127. Pitch —It is that characteristic of a musical sound by 
which a shrill sound can be distinguished from a grave one, even 
though the two sounds mav be of the same intensity. It depends 
upon frequency ; the greater the frequency the higher the pitch, 
and the lower the frequency the lower the pitch. It is often 
used as synonymous with frequency but it is in fact a sensation 
depending upon frequency. Pitch is entirely independent of 
both loudness and quality. 

To show that pitch depends upon frequency let us consider 
a Sav.trt 's wheel. It consists of a toothed wheel mounted on an 


PITCH ]S5 

ax.e rotated by a handle. The rotation of the axle is com¬ 
municated to two counters (not — 
shown in Fig. 97. One registers 
every rotation and the other every 
hundredth of it. Turn the wheel, 
whilst a card is held against the 
teeth. Firstly separate taps are 
heard, but as the speed of the wheel 
is increased, these blend together 
and a single note of low pitch is heard. 

As the speed is further increased the 
note becomes more and more shrill 
and the pitch will be found to rise. 

We can also show with the help 
of a Disc Siren (Fig. 98) that pitch of 
a note rises as the frequency of 
vibration is increased. Disc Siren 

. . disc pierecd 

with several rings of small and 

equidistant holes. It is mounted on 
an axle of a motor which can be 
rotated very rapidly. When a 
narrow stream of air is forced 
through a glass jet directed against one of these holes a Duff 

:L a : jcast t n d t i8 0 °f ^ s T d r E2 

y xront ot the.jet and a series of puffs are 
emitted in quick succession. For a 
certain speed of the disc these puffs 
blend into a musical note of a definite 
pitch. As the speed of the diso is 
gradually increased the pitch rises. 

It has already been shown that 
the number of waves that reach the 
ear per second is equal to the num- 

snund- ^r 0118 per seoond of the 
sounding body. But as the waves of 

Fig. 88. citv^fV 18 traVel WUh th ° “"to vo ' O- 

Wgher pitch should have a smaUe h r e TOveWth U M' * “Tl ° f 

that of a sound of lower pitch. wavelen g th compared to 



Fig. 97. 
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Fig. 99 represents two waves. They are of the same 
amplitude but of different wavelengths. 

The upper curve refers to a note 
6 hri)ler than the lower one. 



^—^128- Doppler $ Principle — When 
a sonorous body is producing a note 
of frequency n, a listener at a distance 
receives n waves per second. But if there is relative 
motion between them, the pitch of the note is apparently 
altered, lvhie may often be observed at a railway station. If 
a locemot e travelling at high speed with its whistle blowing, 
approaehe 8 an observer on the platf rm, the pitch of the 
whistle appears to rise and then to drop suddenly at the 
moment when the locomotive passes him. This effect can also 
be noticed in case of a vibrating tuning-fork mounted on a 
resonance box and swinging rapidly in a circle. A person who 
places himself in the plane in which the fork swings, will find 
that the pitch of the note rises when the fork is moving towards 
him and falls when it is moving away from him. In general, 
whenever the distance between the listener and the source is 
altered, the pitch of the note is apparently changed. Arise in 

pitch takes place when the distance between them decreases 
and vice versa. It was C. Doppler who in 1842 pointed out 
this apparent change in pitch and the principle is known after 
him as Doppler’s Principle. 

Let us now find the relationship between the actual pitch, 
the apparent pitch, the velocity of the source or that of the 
listener or both. We shall discuss these cases in the following 



sections. 

L <29 Source in Motion and Listener at rest—Let S and L 

be the positions of the Source and the listner respectively w 
begin with. Suppose the frequency of the sound em.tted 
bv the source is n, its velocity towards the listener is a, and 
the velocity of propagation of the waves is denoted by V. 

Tf the source were stationary, the n waves emitted by it 
•n ,nv a length V in one second. But as it is moving 
W 0CCU Py (approaching towards listener) a distance a 

in "one second, the n w^ves produced bv it in each second are 
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crcnvded in the space length (V — a) |Fig 100 (a)] and conse¬ 
quently the wavelength of the sound heard by the listener will 



Fig 100. 

V 17 a 

be reduced from>= — to V=--• The pitch ri of the 

n n r 

sound heard is then 


A 

whence substituting the value of V, we get 

F 


( 1 ) 


' F-a *•* — 

If the source is receding, the sign of a should be reversed 
with the result that 

n = v+a n ••• W 

/ /l29a. Listener in Motion and Source at Rest. —When th< 
ib movmg witha veiocity b towards the stationary source 
IJJjg. ICO (©)], there is no crowding of the waves but the eai 
recedes oaoh seoond not only n waves in the interval F bul 
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also an additional number — in the distance b which it has 

A 

moved during one second. 

Therefore the increase in the frequency of the note heard 

b b . V 

= -—z= r n since A =— and the pitch ri of the sound hea rd is 
A V n r 

b 


n' = n-f 


V 


n 


/ i . ° \ V 

=( 1 +r> = ~r -' 1 


• • • 


(3) 


If the listener is moving away from the stationary source, 
the sign of b should be reversed so that 

n = n ... ... ... (4) 

\ 

129b. Source and Listener both in Motion. —Bv combining 
the two results obtained above, we can get an expression for 
the pitch of the note heard when both source and listener are 
moving. Let the velocities a and 6 of the source and the listener 
respectively be reckoned positive when the motion is from 
left to right. 

Then if the listener is at rest, we have as before 

V 

n'=y^n [by equation (1) 

If the listener is also moving, we have ^ 

. Y-b . 


n — -y-n 




by the application of relation (4). 

Substituting in the second of these equations the value of 
n’ given by the first, we obtain 

V-b (5) 

7t ••• ••• ••• \^/ 


n" — 


V — a 


If both the source and the listener are moving to the right at 
the same rate , i.e., when a = 6, it is clear from equation (5), that 
there is no change in pitch, because they always remain the 
same distance apart. That is, whv a person sitting in a train, 
finds the pitch of the whistle of the engine of the train to be 
the same whether the train is moving or not. 

120. Effect of Wind on the Pitch of Sound. — -In the formulae 
(1) to (5) air is taken as still. If it is moving in the direction 
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of sound waves with velocity iv, then putting F+mj for V in (5) 
we have the apparent pitch of the note 

V-hw—b , A 

= -= r -- n ... ... (6) 

and it i9 also c’ear from this that if a — b, wind does not affect 
the pitch. But if wind velocity changes to w'. then the appa¬ 
rent pitch of the note is 

V+w'-b 

V+ w -- a n . 

which is not equal to that in equation (6), unless a—b. 

Example 1. Two aeroplanes are approaching each other 
and their velocities are 100 and 150 miles per hour. The 
f requency of a note emitted by the first as heard by the passengers 
in the other is 1000. Calculate the true frequency of the note as 
heard by its own passengers. Take the velocity of sound as 750 
miles per hour. (/>. i\ 2939) 

The apparent pitch n [Equation (5)] 

Heren'=1000, F=750 miles/hr., b— —150 miles/hr. and 
a = 100 miles/hr. 

Substituting these values, we have 

1000= 760-(-^50) 750+250 „_900 _ 


1000 = 


750-100 * 
lOOOxfiM) 


750 — 100 * 


"=650 * 


n— 


900 


= 722-2 per. seo. 


. Example 2. Two engines pass each other in opposite direc¬ 
tions, one of them blowing its whistle, the frequency of the note 
emitted being 540. Calculate the frequencies heard on the other 
engine before and after they have passed each other. Velocity 
of either of the engines in 30 miles per hour. Velocity of sound 
=lli4 ft./tec. (/>. v m0) 


1144 ft.Isec. 

(a) Before the engines pass each other : 

Using equation (5) 


Here F-1144 ft./seo.; =6-44 ft./seo. and a=44 ft./seo. 

.\ »'« 1144-( -44) ll44-{-44 1188 rin 

1144-44 640 - 1144=44 ° 40= TIOO ‘ 64 ° 

. **583 2/seo. 
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(6) After the engines pass each other : 
Here 6=44 ft./sec.; a = — 44 it./sec. 


1144 — 44 1144 — 44 

-ya(j =- 

11444-44 11444-44 



1100 

1188 


540=600/sec. 


131. Difference in apparent pitches when the source or 
the listener approaches with the same speed- —It is clear from 
equation (1) and (3) on pug-s 187-88 that the frequencies of the 
notes heard for the two cases when (a) the source approaches 
the stati nary listener and (6) the listener approaches the 
stationary source are respectively given by 


V 


n = 


n' = 


y —a 
V + b 
V 


n 


n 


... ( 1 )' 

- (3)' 


In both cases the apparent frequency of the note is greater 
than n but when the velocity of approach of the source is 
numerically equal to that of the listener viz., a=b we have 

v nr 

n = —— n ... ••• v 1 J 


V-b 


and 




• • • 


(3)' 


we find that n is not equal to »*, because by subtracting (3) 
from (1)" we obtain 



r V V + b "I 

n L V-b V J 

n r~7(7-&T ] 


=a positive quantity 

that is n'>n m . 

In other words when the listener is at rest and the source 

is approaching the listener with a certain velooity, the fre- 

ouency of the note heard is greater than when the source is at 

rest and the listener is approaching it With the same velocity 

as that of the source in the first case. Thus it is not a 

matter of indifference whether it is the source or the listener 

that moves. 


DOPJ'LE&’S 1'BINUIPLE 


191 


132- Graphical Representation of Wave~fronts in Dop- 
pier’s Effect —Let iS 2 , S 9 eto be the positions <>f the source 

-— 


SjASjS. 


USTCNfR 

( 8 ) 


'Cj/CJCj 


USTCM* 

(A) 


Fig. 101. 

at times 0, t , 2 1, eto. (Fig. 101) and let V the velocity of sound, 
he greater than a. the velocity of the source. With radii 3 iV 
2tV, tV draw circles c,d,R y c t d,R„ rJ,R, round S lt S 2 and s’ 
respectively. Then for a disturbance caused at f = 0, when the 
source is at S v c l d l R v represents the wave surface at a time .it. 
Similarly, c % d 9 R t represent the wave surfaces at time 

3< due to the disturbances when the source is at and S , 
respectively. Thus there is a crowding of waves on the right 
side and spreading out on the left side. Hence for a listener 
A 8,andin 8 on the right, there is a rise in pitch when the 
source approaches it, while for a listener B, there is a corres¬ 
ponding fall. Figure for the case when a> V is given in the 
next seotion. 

*5L W of ,* Bu . Ue, ~ So lon « aa the speed Of the 
.oundmg body .s lesa than that of the sound the number 

of waves per second emanating from it and reaching an 

tbiscJl W ‘l ^ g0 J emed *>y thB Doppler’s Principle® In 

sXd wh,le h 7v, CS ° f °° m P re9Bion “P»°d with the velocity of 
!?„* ^ hl,e tte source moves slower than the rate at which 

aSrface 8 ^ 68 are ,. growin 8- Th * would mean tha^the wave 

• . oorr ?fP ondl < n g the disturbance that starts at anv 

a? 

(Fig. ion On thn rvfi u \ at aU subsequent times 

*5 \ rSS 
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the bullet gives rise to spheres of compression which 
expand with the velocity of sound, while it moves faster than 
the rate at which these spheres are growing, l.e., the whole 
or part ot the wave-surface corresponding to subsequent distur¬ 
bances lies outside. This will result in a conical wave front 
which lines along the tangent planes of these circles at anv 
instant with the bullet at the apex (Fig. 102). Graphically 
we can obtain this re¬ 
sult as shown below. /Is 
before with centres 
<S 2 , ‘ v 3 draw circles of 
radii, 41V, 3 tV, 2 tV 
etc, At any given 
instant a taDgent can be 
drawn to the wave sur¬ 
faces. The wavo sur¬ 
faces will strengthen 
each other along these 
tangents but will inter¬ 
fere at other points, thus resulting in two plane waves inclined 
at a constant aDgle 29, where 



sin 9 — 


-Mi 



*!*« Ata a 

When a is 'large, 9 will be small. 



Fig. 103. Flight of a bullet. 




Knowing angle 9 and 
V, the velocity of 
sound, a the velocity 
of the source can be 
determined. Tf a and 
9 are given, V can be 
calculated. Fig. 103 
gives the form of 
waves produced in air 
by a rifle bullet. These 
photographs were 
taken by Prof. C. V. 
Boys. A similar 
series of waves is 
generated on the sur¬ 
face of water when a 


steamship makes its way through a calm sea. 

134. Doppler’s Principle applied to Light.— The spectro¬ 
scopic examination of light from a star shows that its spectrum 
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is marked with well-defined lines. As a consequence of Doppler 
effect we find that in the spectra of some stars photographed 
along side that of an arc or spark giving some of the same lines 
appearing in the stellar spectrum, the corresponding stellar lines 
are shifted towards the violet end indicating a diminution in wave 
length while in those of others the shift is towards the red end 
showing an increase in wavelength. The obvious inference is 
that in the first case the star is approaching the earth and in 
the second case it is receding from it. This apparent change in 
wavelength has an important application in Astrophysics for 
the amount of this displacement expressed as a fraction of the 
wavelength of the speotral line concerned affords us a measure 
of the velocity of approach or recession of a star. It should be 
noted that in light there is no physical difference between the 
two cases, source in motion and the observer in motion, be¬ 
cause this distinction is based on the assumption that there is a 
medium which we may consider at rest such as air for sound 
and re atjve to whioh we express these motions. Now for light 
the Relativity theory has disoarded such a fixed medium (ether) 
having a definite looation in space. 

U V !> e th ® altered wavelength, * the actual wavelength, a 
the velocity of approach or recession of the star and V the 
velocity of light, then, 



h for approach. 



h for recession 


• • 


or 




y_ F^o 
h V 

d h -r- a , 

whence a can be calculated. 


V— h _ - 7 - a 


the obBe , rver 10 be “ we shall come to the 

orders C ° n ° luf " on ne glectin & terms of the second and higher 


tic Ihkh L 0f 6 Bound is that « b «acteris. 

anrl S h*, 88 ™ to distinguish two noteB of the same pitoh 

0 ? d ^ a d H pbyed on , tW ? different instruments. The study 

f ourves of the various muBioal instruments hai 
shown that the notes emitted by them are seldom pC. A 
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tuning-fork approximately does so, but the great majority of 
musical notes are complex and can be analysed into a number 
of constituents. These constituents besides the fundamental 
tone of frequency n are comprised of tones of frequencies 'In, 
3n, 4 n, eto. Such additional tones are called Harmonics or 
Overtones. 


Each musical instrument produces different overtones and it 
is the presence of these overtones which is the characteristic of 
each instrument. The quality of a note is due to this complex 
structure i. e. due to the presence or absence of a certain 
number of overtones, their relative strengths and pitches. It is 
the memory of this tonal quality which enables us to recognize 
an untold number of different sounds. Among these we may 
mention the voices of friends or acquaintances, the various 
sounds employed in speech, the familiar musical instruments 
and the cries of animals. 

Scientifically speaking the quality of a note is judged from 

the shape or type of the vibra¬ 
tion curve of the body which 
produces the note. Fig. 104 
represents two waves A and B of 
the same amplitude and wave¬ 
length, but of different shapes. 
Hence they represent notes of 
the same pitch and loudne3s but 
different in quality. If the vibration curve is periodic there 
is a most remarkable theorem known as Fourier’s Theorem 
that tells us how the curve might have been built up. It states 
that a Periodic Curve of wavelength may he regarded us 
made up of simple harmonic curves* of definite amplitudes, 
phases and periods, the wavelengths of the components being 

in the ratio *: etc. i. e. ; their frequencies are in 

the ratio n : 2n : 3n : 4n : etc. These simple harmonic curves 
represent simple tones. Thus the quality of a musical sound 
depends on the aggregate effect of the simple tones which go to 



fo rm it. ____—-- 

~ • A simple harmonic vibration is th. only!kind of vibration that give* 

to the ear the sensation of a pure tone (Ohm’s Law). A complex no e * 
usually termed as o note and each of ita constituents.is called a tone. 
which is further incapable of analysis. A tuning-fork when struck 


gently gives a pure tone ri-., a note without overtones. 


Fourier’s theorem 
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136. Displacement Curves of Complex Vibrations —Ques¬ 
tion arises as to whether the relative phases of the component 
► imple tones have any effect on the quality of a musical sound. 
To answer this let us consider the addition of two simple 
harmonic curves (a) and (6) producing pure tones of frequen 
cies n and 3n under two different cond ; tions (i) when they are 
in the same phase and (;*) when the higher component is 
advanced by /2. 

Obviously, the two resultant displacement curves (c) and 
(c') differ in shape, and it seems as if they shall differ in 
quality. Helmholtz concluded, on experimental evidence 
given later, that the relative phases of the component 
tones did not affect the quality of the resultant musical note. 
Chapin and Firestone, however, showed that some effect 



Fig. 105. 

the ( LJ WO °hZ e8 < a) “ d K ,6 » , ('*•) The curve (6) is advanced 
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types of complex periodic curves enabling us to split it up into 
component sine and cosine vibrations. The resulting displace¬ 
ment of any particle in the medium transmitting the complex 
periodic wave is thus given by an equation of the form, 

y=A x sin ivt-\-A 2 sin 2 ivt-\-A z sin 3wt + --- 

— ^Bq+B^ cos iot+B 2 cos 2 wt + B 3 cos 3wf + --- 

in which the periods and wavelengths of the components are in 
the ratio 1 : | : £... 


Ordinarily if we are presented with a square wave of the 
type shown by thick lined curve in Fig. 105 (a) it seems incredi¬ 
ble that such a vibration can be built up out of or analysed 
into a series of smooth sine curves. . Yet such is the case and 
the mathematical analysis shows that the displacement of such 
a wave will be represented by 


y*=A sin wt + 


A A 

Tj-sin 2wt -f — sin5tt’t+... 



Thus we learn that given the graph corresponding to any 
periedio vibration, however complicated, the constituent 
simple harmonic vibrations may be found together with the 
amplitude and the relative phase of eaoh. 

If the periodic vibration is a fairly simple one, this mathe¬ 
matical analysis into the proper sine and/or cosine components 
is not too difficult. 
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In case of two harmonic constituents whose frequencies are 
incommensurable such as 200 and 200 \/3, this theorem does 
not apply, because the compound vibration is not periodic and 
the theorem applies to peiiodic curves only. 

If a complex curve to be analysed has slight curvature every¬ 
where, the lower members among its constituents have greater 
amplitudes. For points on a curve having marked curvature, 
the higher terms become more important, while a curve with 
sharp corners possesses an infinite number of terms of the 
series. 

Fourier’s theorem also deals with the synthesis of a com¬ 
plex periodic vibration from simple harmonic constituents. It 
has a wide field of application, not only in the study of sound, 
but in the various other branches of Physics and has been 
successfully employed in the analysis of the periodic phenomena 
occurring in Nature. 

138. Electirically-'driven Tuning fork. —For producing 
an almost pure tone an electrically driven tuning-fork is 
generally employed. Fig. 107 shows the arrangement lor such 
a fork. The fork is clamped to a stand, and its one prong is 
provided with a short metallic strip IF having a platinum 
stud at its end. & is an adjustable screw ending also in a 
platinum contact piece P, so that when it is screwed forward 
to touch the strip IF, the electric battery E sends the current 
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and always occurred at the same point in the swing of the 
prongs, the fork would gain the same amount of energy from 
the battery as it gives back to it and the vibrations would not 
be maintained, for no balance would be left to make up for the 
radiation of energy as sound and heat. But due to (i) the 
irregular contact and (ii) the self-induction of the E M coil 
the make and break are delayed a little. These two causes 
introduce a lag between the establishment of contact and the 
phas e of the maximum current and also prolong the current 
at the break. The result is that the work done by the battery 

on the fork is greater than the work done on it by the fork 

and so, on the whole, more energy is communicated to the fork 
than 18 g‘ v en back by it and thus vibrations are maintained. 

of the fork' 11 " 6111 ' 8 ^ per *° d W ‘ U b ® exaotI y the period 

F £■! i “ t , e R "“P'i i ° n ma y be accomplished by a platinum wire 
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the circuit breaks, the 
deal of noise. Hence 
such an interrupter 
fork cannot be used 
in the synthesis of 
complex vibrations. As ’ 
seen above the oircuit is | 
interrupted once during 
each vibration of the 
fork, and this periodio 
current can be used 
to drive another fork 
at a distance from the 


spark produced makes 
— 


good 


Fi9. 108. 
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will be one impulse for each vibration. If the maintained fork 
has twice the frequency of the interrupter fork, there will be 
one impulse for each two vibrations, and large resonant vibra¬ 
tions will still be produced. Such electrically maintained tuning 
forks worked by an interrupter were used by Helmholtz for the 
synthesis of complex vibrations and one such is shown in Fig. 

109. When held in front of a resonator it produces a tone which 
is almost pure. 

139. Helmholtz’s Theory of Quality and his Analysis and 
Synthesis of Complex Vibrations.— As pointed out before 
quality depends upon waveform but the view expressed by 
Helmholtz that differences of form caused by the phase 
differences of the constituents did not give differences of 
quality, was proved experimentally by him. Notes of various 
musical instruments were first analysed with the help of his 
resonators* described in Art. 118, to find the number, order and 
the intensity of the various harmonic constituents. Then 
tunine-forks of different frequencies representing these consti¬ 
tuents when sounded together with proper intensities reproduc¬ 
ed the note of original quality. The general outline of the 
procedure adopted by him to imitate the quality of the note of 
a particular instrument was as follows : 

The apparatus consisted of 10 tnning-forks. which were 
tuned so as to give a fundamental note of 250 vibrations per 
second and its first nine harmonics. They were all worked 
electrically so as to give rise to vibrations which do not die out 
but are maintained continuously for any length of time. Behind 
each fork was a resonator tuned to unison with it (Fig. 109) and 
which could be placpd at different distances so as to intensify 
the sound by olnya desired amount. Each of the resonators had 

a disc by which its mouth could be wholly or partially closed as 

—— ■ ■ ■ ■■■ ■ ■ ■ - —- ■ ■ — - ■ - ■■■■"■■ —— 

•The air inside a resonator has a natural period of vibration, and 
can resound to a particular frequency only. The complex note to be 
analysed is played near A, Fig. 92. The end B is held in the ear or placed 
in front of a manometric flame or capsule devised by Koenig, in front of 
which is placed a revolving mirror. If this note cont ins a particular 
frequency to which the resonator respouds, the flame will dontate as 
evidenced by the jagged edges of the images of the flame in the revolving 
mirror ; thus the constituent or harmonic present is picked out and sound 
of largo intensity is produced. Thus various resonators of different 
frequencies are used to pick out different components or constituents and 
thus the note is analysed. 
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desired. The function of the resonator was to make the sound 
emitted by the 
fork loud. When 
the mouth of the 
resonator is closed 
the reinforcement 
of the sound does 
not take place 
and consequently 
it becomes so 
feeble as com¬ 
pared to the sound 
when the resonator 
is in action that 
it may practically 
he neglected. The 
electromagnets of 
these forks were Fig. 109. 

all kept in series 

with the electric circuit of the interrupter fork so that the 
intermittent current produced by it is sent through them. Thus 
all the forks were kept in vibration simultaneously. 

Helmholtz, with his resonators found on analysis that a 
particular organ pipe consisted of three members 1,3,5, of 
harmonic series, the other being quite inaudible. Then he 
used his forks as mentioned above to build up the note. 
The discs of all resonators except 1, 3, 5, were closed 
These were adjusted at proper distances from tuning forks 
to obtain the exact intensity of tones as noticed in the cons¬ 
tituents. Afterwards when these forks were worked together, 
it was found that the quality of the note of the organ pipe 
was almost fully reproduced. Thus the notes of other musical 
instruments were also imitated. 

To introduce phase differences in the constituents Helmholtz 
proceeded as follows : 



The mouth of a resonator was partly closed by the diso 
which was thus put out of tune with its fork. The intensity of 
sound diminished and phase difference was introduced To 
restore the sound to original intensity, it was moved nearer the 
fork. Thus the harmonic orresponding to this fork had the 
original pitch and intensity but differed in phase. Thus bv 
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altering one or more constituents in phase in this way, the 
quality of a complex note now produced was not changed, 
proving thereby that the phase of the harmonics had 
no effect on the quality i.e , it depended only upon the number, 
distribution and strength of harmonics and not upon their 
relative phases. Since Helmholtz’s time much has been written 
by the physicists and all of them do not accept this conclusion. 
We may say that Helmholtz’s theory is rght as a first approxi¬ 
mation, and a change of relative phases of harmonics of a note 
should have some effect on its quality. 

140. Speech-Consonants and Vowels. —Separate sounds, 
which make up our speech and our songs, are divided into 
consonant and vowels. Consonants are more or less methods 
of beginning and ending vowel sounds. They are only passing 
sounds or mere noises and are not continuous. Vowels, on the 
other hand, are musical sounds and can be maintained indefi¬ 
nitely. Each vowel has its own characteristics and maintains 
it. To judge its quality it is not necessary to hear its beginning 
or its end. For example, during a song in order to sing a word 
'bat' on a particular note, the voice begins with consonant 6 
lasting for a very short duration, then at once passes on to the 
vowel, a , which can be maintained for any length of time and 
then ends suddenly in /. 

. 140a. The Human Voice Organ. —It may be regarded as a 

double-reed pipe instrument (Fig 110). 
During speech or song the lungs force 
the breath upwards through he tra¬ 
chea and the larynx (Voice Box) into 
the cavities of the mouth and nose. 
In the larynx is a pair of stretched 
membranous reeds called Vocal 
Chords. These chords are triangular 
shaped masses of flesh which project 
from the sides of the larynx and 
cover nearly half of it. When not in 
use, their free edges are widely sepa¬ 
rated, hence no interference with the 
breathing. By means of muscles 
these chords are tightly stretched and 
their edges are brought together. 



Fig. 110. 

Diagram oj Larynx. 

(а) epiglottis 

(б) false vocal chords 

(c) true vocal chords 

(d) trachea 

(e) anteiior wall of Larynx 
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The space left between them is called the glottis. If now the avr 
is forced through the glottis, the edges of the chords are set in 
vibration, causing the air to issue m a senes of puffs whicn 
produce a musical note. Tne pitch and quality of the note 
is changed bv varying the tension and distribution of the mass 
of the chords with the help of muscles attached to the larynx. 
The so-called false vocal chords may slightly influence the 
vibrations of true vocal chords In fact the vibrations of the 
vocal chords produce sound impulses travelling up the mouth 
thereby producing a given vowel depending upon the shape of 
the mouth. Consonants may be either produced by sudden 
stoppage of the lips or by a sudden tongue movement. As 
mentioned alreadv while singing a word bat, *6 and 't are con¬ 
sonants produced by a sudden stoppage of the lips and tongue, 
while the vocal chords maintain the vowel sound ‘a for a 
sufficient length of time. This sound passes to the outer air 
through the mouth and its adjoining cavities which act as 
resonators. The pitch of the mouth, however, can be altered 
at will by changing its volume or the size of its opening. The 
change in volume can be affected either by moving the tongue 
or by opening the jaws more or less widely, while size of the 
opening can be controlled by means of the lips. Thus the 
quality of the voice is greatly modulated by changing the shape 
and size of the mouth cavity, whioh go to produce different 
vowels. 


141. Characteristic of a Vowel Tone-—The most impor¬ 
tant point in the quality of sounds is the resonanoe of the 
cavity of the mouth. In an ordinary musical note, the intensity 
of the upper partials decreases as the pitch increases, and when 
resonance chambers are employed, they are simply tuned to 
the fundamental tone and so reinforce that only. But when a 
vowel is uttered, the mouth oavity aots as a peouliar resonant 
chamber reinforcing not the fundamental but rather one or two 
partials of the vowel sound. Thus the singing of a vowel has a 
characteristic quality which differentiates it from that of a 
musical note. No musical instrument is such as can produce 
a vowel tone. The vowels, a, e, i, o, u are characteristic fea¬ 
tures of the mouth. It is mouth only whioh can sing any vowel 
at will. Prof. D. C. Miller has done a lot of work in this con¬ 
nection. He has concluded that if the frequencies of the partial3 
of a given vowel be increased in a given ratio, the vowel char¬ 
acteristic is not preserved. In order to preserve it, their 

t 
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amplitude* must be inorea<?pd in „ 

i 1 in 106 same pronnrtinn Hn 

n h .?. i(i ' ll- ? n '’ ma,ntained V 'be vocal and other adjoin- 
flT f. avtties " Inch go to reinforce the parlials of the given pitch 
and so preserve the vowel characteristic. P 

142. Vowel Theories —There are at present two theories 
as to the nature of vowel sounds. They are called the 'Fisted 

Tn E'he t“ Ve P ' tCh ’ theories - Helmholtz believed 

be fixed pitch theory, according to which each vowel is 

charactensed by one or two restricted reaions of given pitch. 

V htch are independent of the fundamental tone of the vowel. 

!r o Z ' he ° rV ' V " W - 1 ''at a series of partials 

ZnZZtTrh f , freqUen ? es which have a certain definite 
relation to the fundamental. Recent experiments of Wilis and 

Miller are in favour of fixed pitch theory. If this theory be 

rue it would be possible to change the vowels in a phono- 

graph by running the instrument at a speed higher or lower 

than the original. If the vowels depend upon the relative fre- 

quences (Relative pitch theory), quality should not change : 

while if they depend upon absolute frequency (Fixed) pitch 

theory), vowels should change. A number of investigators applied 

this test to the phonograghy and it was seen that vowels are 

changed, thus proving the results in favour of the fixed pitch 
theory. 1 

143. Some Musical Instruments and Harmonic Con¬ 
stituents of their Notes — We give below the harmonics of the 
notes of some musical instruments just to compare their 

A J * 


.A stopped organ pipe. — It has only odd harmonics. A 
wide pipe gives practically a pure note. A narrow pipe gives the 
third harmonic strong and fifth is perceptible. 

(2) An open organ pipe. —It has full series. A wide pipe 
gives a strong octave. A narrow pipe has harmonics as far as 
the sixth or seventh but of diminishing intensity. 

(3) The flute- —It gives nearly a pure tone. Octave is 
faintly audible. No other harmonic is audible. 
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(4) The clarinet. —It has 3rd, 5th and 7th harmonics fairly 
strong. The 4th, 6th and 8th are faintly audible. 

(5) The Hautboy.— It has full series ranging to the ltth or 
so, when they become inaudible. 

(6) The Human Voice.— It has also full series of harmonics 
falling off gradually in intensity. They extend upto the six¬ 
teenth before being inaudible. 

(7) The Pianoforte. —Its second harmonic is as strong as the 
fundamental. Third and fourth fall rapidly in intensity, seventh 
is hardly audible. 

(8) The Violin.— It has a long series of harmonics falling 
gradually in intensity. Upto 4th they do so rapidly and then 
more slowly. 

(9) The Sonometer.— Its overtones constitute harmonic 
series. 


(10) The Tabla (Indian). —Its components form harmonio 
series. It is a percussion instrument but for its components, it is 
used in Indian Musio as a musical instrument. Its tonal quality 
is much more superior to other drums. 

For the sake of comparison it will be worth while to men¬ 
tion some other instruments or bodies which produce inharmo- 
nio overtones. 


(1) The Tuning-fork. —Its overtones do not belong to harmo¬ 
nic They are much higher in pitch than the fundamental. 

The first is 2 to 3 octaves, and the second is 4 to 5 ootaves above 
the fundamental. On striking they are audible for a few 
seconds. As oompared with the fundamental, they die very 
quickly. If a resonance box is used, it not only strengthens the 
fundamental and so a tuning-fork on a resonance box gives 
almost a pure tone, hence its frequent use in the study of sound. 

(2) The Bell.— Generally its overtones form a non-harmonio 

senes. Here the lowest tone is oalled the “Hum Note”. It is the 
second which mainly determines the pitch. See Art. 174 for 
the description of the bell. , 


^). Vibrations of rods and plates also produoe 
contain mharmonio overtones. 


notes which 
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144. The Human Ear . — The anatomical structure of the 
human ear is very complex and it may be briefly described as 
follows :—It consists 
of three principal 
parts, (Fig. 111) the 
outer, the middle and 
the inner ear. The 
outer ear (pinna) from 
which extends the ear 
passage, ends in a 
drum skin called 
Tympanum. Behind 
the tympanum there 
is the air cavity of 
the middle ear in 
which there is the 
chain of three bones Fig. 111. 

or ossicles the hammer 

m, the anvil i, and the stirrup s, which connect the tympanum 
with the inner ear. The cavity of the middle ear is connected 
to the throat through the Eustachian tube E , whose lower end 
is closed by a valve which opens in the act of swallowing. It 
serves to equalize the pressure on each side of the Tympanum T. 
The inner ear in which the auditory nerve terminates and 
which is contained in a cavity in the massive part of the tem¬ 
poral bone consists of three parts, the Semi-Circular canals 8, 
the Vestibule V, and a long chamber coiled up like a snail shell 
and hence known as the Cochlea. The inner ear communicates 



with the middle ear through two openings, (») Fenestra Rotun- 
dus R , (round window) which is closed by a membrane and (it) 
Fenestra Ovalis 0 , (oval window) closed by the foot of the 
stirrup bone. The interior of the inner ear is filled with a 
watery fluid, the Endolymph. 

Fig. 112 shows a longitudinal section of the Cochela as if 

straight. It is believed 
to be the part of the 
ear by whieh musical 
soun ds are distinguished 

A-in P itch and quality. It 

~- J is divided into two 

Fig ii 2 . chambers called Scala 

Vestibuli ( SV) and Scala Tympani (ST) bj a thin partition 


SV /sc 
ST 
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called Basilar Manbranc- which runs lengthwise through all 
its convulsions. The membrane is strongly fibrous in structure, 
the fibres running transversely across from one side of the tube 
of the Cochlea to the other. Forming an arch of triangular 
section over a portion of the basilar membrane is the Organ of 
Corti consisting of rods or pillars and hair cells. The fibres of 
the auditory nerve terminate into this basilar membrane so that 
a disturbance in any part of the membrane causes a stimulus 
to the corresponding filament of the auditory nerve. The 
membrane increases gradually in width as we pass inwards 
round the coils of the Gochlea, transverse fibres vary in length 
and may be compared to the string of a piano having their 
own periods of vibration and therefore resounding to different 
frequencies. • 


145. Action of the Ear.— The action of the ear is not 
fully understood and the explanation given below cannot be 
regarded as completely satisfactory. It must be remembered 
that both forced and resonant vibrations play a very important 
part in exciting the sensation of hearing. When sound waves, 
collected by the external ear and sent down the auditory canal, 
strike against the tympanum, they set up forced vibrations ill 
it. These vibrations are transmitted through the ossicles viz, 
hammer, anvil and stirrup to the membrane O, called the ovai 
window communicating with the labyrinth or the inner ear, the 
seat of hearing. On reaching the Cochlea the vibrations are 
handed on by incompressible fluid in its two chambers to 
the Organ of Corti and the basilar membrane. They will set 
mto resonant vibrations those fibres of the membrane as are 
tuned to respond to the motions of that particular frequency 

and therefore the corresponding nerve filaments will be stimu- 
lated and transmit the excitation to the brain. The arrangement 
is that sounds of different pitches entering the ear simultaneously 

will produce sympathetic vibrations in different parts of the 

* 8timu, ^ te ^reiit nerve filaments and so 

r™ “> <i,fferent seneationa in pitch, loudness and duration. 
We now understand how the ear enables us to resolve complex 

8impt 8 tone nDg ***** 8 ‘ mpIe harmonio component as a separate 


146. 

already 


-SS"! T n . ten,i ‘ y a ? d LimJu of Audibility—We have 
defined Intensity of Sound as the average time rate of 
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transfer of energy per unit area of a surface perpendicular to 
the direction of propagation. Equation (1 5) on page 63 gives 
the magnitude of this energy current. Simplifying this the 
intensity I of the sound is given by 

l=2ir t n i a}vp ... ... (1) 

where n stands for the frequency. 

According to this result, the intensity of sound varies 
directly as the square of both the amplitude and the irequency 
of vibration. 

Let us see how the intensity of sound varies with the 
excess pressure associated with the waves. 


Now 


•“V 7 


y 

where the elasticity E is equal io—p-^y, dV being the change 
in the original volume V by excess pressure p 

whence v=f \/~ fW 

For longitudinal waves we have seen in Art. 38 that the 
volumetric strain ~~ is equal to i.e., the slope of the 

displacement curve. Substituting for in the equation 
for v and solving for p, we have 

p=. — ••• **• ••• 


For these simple harmonio waves 


hence 


y=a sin—^ (vt — x) 

dy 2 tt a 2 tt . . 

- cos — (vt-*) 


Therefore equation (2) becomes 


p= 2 -l^ cos 4 (Ol-x) 

A A 

2 TT . . . 

= Vmax COB— (t’< — X) 


• •• 
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where 


VnutM — 


2rrav t p 

A 


=2n anvp 



This may be taken to be the equation of a pressure wave 
and pmax is called the pressure amplitude. Note that this 
pressure wave is quarter period out of phase with our original 
displacement wave for it is h cosine function, whereas the dis¬ 
placement wave is denoted by a Bine function. Combining 
equations (1) and (4) we get 


/ 


P^max 
2 pv 


• • • 



It shows that the intensity varies as the square of the 
excess pressure. As the frequency does not oocur in this 
formula it is clear that the intensity of sounds of different 
frequencies may be compared by just measuring the associated 
excess pressures. 

In acoustical measurements we prefer to measure pressure 
variations rather than amplitudes. Experiments have shown 
that inorder that aerial waves entering the ear may produce 
the sensation of sound, they must have a certain intensity 
and certain frequency. The intensity as said above, is 
measured by the pressure variations and the values of Pm*» 
range from about 2X10 -4 dyne/cm.* for the faintest sound 
that can be detected by the ear up to about 200 dynes/om.* 
for a sound so loud that it begins to be painful. For 
ordinary conversation p mar may be about l dyne/cm.*. 
Let us calculate the amplitude of the ordinary conversational 
waves at 20°C, at normal pressure and for A = 100 om. taking 

v ©locity of sound 344 m./sec. The density of air is 
00121 gm. per c.o. 

From Equation (4) 

j_ Pmax X A 

2 IT pv* 

Substituting the values we obtain 

a— \ 1 dyne/om.*xl00 cm. 

2trx 00121 gm./om»x(34400 om./seo.) 1 

— 1*12 x 10“* om. 

are vwy emalf am P^ tu< ^ e8 of sound waves in the air 


210 


A TEXTBOOK OF SOUND 


To calculate the intensity of conversational sound waves 
use the relation (5) 




tnai 



Putting the values of p maxt p and v, we obtain 


j_ (1 dyne/cm 2 ) 2 

2 X 0 00121 gm /cm 2 x .*14400 cm./sec. 

= l‘2x 10 -2 erg. sec. -1 cm. -2 
— 1 2 x 10“ 9 watt/cm. 2 ' 

This sound output per sq. cm. of the wave-front 

is very small but the human ear is so sensitive that, 

it can detect sounds of very much lower intensity 

than this. This can be easily seen if we calculate the 
intensity corresponding to the value of p mai for the lower 
limit of audibility. Taking p ina , = 2xl0"« dyne/cm. 2 
I works out to be ox 10" 17 watt 'em 2 . To get an idea of this 
sound output, it will not be out of place to mention that a 
buzzing mosquito develops an out-put of 10~ 4 watt. 

The minimum intensity which a sound must possess in 
order to be audible is called Threshold Intensity of Audibility. 
If the intensity increases above a certain value called the 
Threshold Intensity of Feeling a sensation of pain is produced 
in the ear. This may be as high as 10 13 times the minimum 
value. Further the vibrations must have a certain upper and 
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(threshold of feeling). The lower curve represents the lower 
limit of the amplitude at which a sound can be detected 
(threshold of audibility). The range of audibility lies within 
these two curves and the area enclosed is described as the 

‘Auditory Sensation area’. 


Helmholtz working with a double siren and long tuning 
forks found that for pure continuous tones the frequency of the 
lower limit is about 30 vibrations/sec. Below this the vibrations 
do not blend into a note but are perceived ns separate impulses. 
The upper limit, of frequency according to different experimen¬ 
ters varies within wide limits with advancing age ; at 20 it is 
about 200,00 at 35 about 160,00 nndat 47 about 130,00 vibra¬ 
tions/sec. The elderly people cannot bear such sounds ns chirp¬ 
ing of orickets and squeals of bats. Despritz. and Appunn have 
concluded that they could hear frequencies as high as 40,000. 
The musical limits, however, are between 40 and 4000/sec. 
Thus unlike the eye which can perceive a range of barely an 
ootave, the ear has an extreme range of obout 11 actaves, about 
seven octaves being musically available. 

Resolving Power of the Ear, its Limitations and 

Ohm s Law In Art. 145, we saw that the ear analyses the 
oomplex notes into their simple harmoino constituents, each 
constituent corresponding to a separate tone incapable of 
analysis, the basilar membrane serving as the acoustical equiva¬ 
lent of a spectroscope. This is in accordance with Ohm’s Law 
whioh states that the only tones which give to the ear the 
sensation of a pure tone correspond to the pendular vibrations 
o! the ear. Fourier’s analysis of the complex vibrations of a 
stretched string confirms this view for the ear is found to 
recognize in them only those tones which agree in pitch with 
the calculated periods. Thus the ear is a practical Fourier 
analyser and the harmonic analysis in the case of musical notes 
derives its importance from this fact. 


aunhohfb' 8 ,T P<! ” t the ear differs from ‘he unaided eye. If 

which 1 ii' g 5 , fr ° m “ n 6le ° tr i° lamp or a discharge tube 
ln fftc t a mixture of several colours consisting of 

it is no „ 0{ : m r nt wavele "g th8 Mb upon the retina, 

r ,y or 8 r e ,° ne T lour - J 0n the hand, when the aUenS 
is P porly eduoated the ear oan easily deteot different 


212 


A TEXTBOOK OF SOUND 


constituents of a compound note disturbing the auditory 
nerve. On the theory of hearing, sketched above, it is expected 
that the relative phases of the components in a complex 
note should have no influence on the resulting sensation, for 
the same parts of the basilar membrane are excited whatever 
the phase of the constituents. There is, however, an exception 
to by made. In the case of beats, t.e., whenever there are two 
constituent notes very close together in pitch, the pulsations 
of the tones are certainly due to changing relative phases 
of the two components which are alternately in and out of step. 
This pulsating effect may not be regarded as due to the failure 
of the general statement but due to the fact that the two tones 
are so near in pitch that they affect closely adjacent portions of the 
basilar membrane. So that the fibres midway between the 
responding portions will vibrate simultaneously in sympathy 
with both tones. They will, therefore, take the resultant motion 
and will vibrate alternately strongly and feebly, according as 
the two components are in the same and opposite phases. The 
ear is thus unable to distinguish them as separate tones. 
Like the optical instruments the resolving power of the ear is 
limited. 

Further limitation is imposed on the resolving power of 
the ear by the masking offcct of other sounds. When the 
masking tone is loud, it masks tones of a higher pitch better 
than those of a pitch lower than itself. 


CHAPTER XI 

VIBRATIONS OF AIR COLUMNS IN PIPES 


148. Excitation of Vibrations in Air Columns*—Station¬ 
ary longitudinal waves can be produced in a column of air 
by any periodic movement whose frequency coincides with one 
of the natural frequencies of the column- All wind instruments 
are provided with a column of air called a resonator , which 
may be in the form of a pipe or a rectangular air chamber. 
The periodic movement is caused by an important part of the 
musical instrument called the ‘ mouthpiece ’ which is different 
in construction in different instruments. It is this mouthpiece 
which acts as a generator and supplies the energy necessary to 
maintain the vibrations in the column of air. We shall 
consider two modes of excitation which are of special impor¬ 
tance and accordingly organ pipes are classified into two 
groups, (t) Flute or Flue Pipes and (ii) Reed Pipes Eaoh of 
these classes may have many varieties differing in shape and 
material. 


149. 


B 

Fig. 114. 


Action of a Flue Pipe —Fig. 114 represents a seotion 
of a Flue Pipe. The end B is put on an acoustic 
bellows and wind is forced through it. It issues from 
the narrow slit at S in a thin sheet which strikes the 
sharp edge A and sets up vibrations in the body C. 
A sound is produced, the pitoh of which depends 
upon the dimensions of the pipe and the velocity of 
the current of air. The pipe may be made of metal 
or wood circular or square in section. The upper end 
is dosed in some pipes oailed closed organ pipes, and 
is open in others which are called open organ pipes. 
The blast at the mouth sends a train of waves along 
the pipe. These waves are reflected from the other 
end—open or closed, as the case may be. The 
direct and reflected waves will be superposed and 
produce stationary vibrations in the pipe. It is 
really a case of interference between two similar 
wave trains travelling with the same velocity in oppo¬ 
site directions previously considered in Chapter VII. 
The reflected wave will be different in nature in an 
open pipe to that in a closed one, because the open 
end of the pipe aots like a yielding wall, while the 


closed end aots as a rigid wall. 
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150- Closed Organ Pipe and its Period of Vibration — 

The closed end acts as a rigid wall, t'.e., a wave of condensation 
or rarefaction is reflected as such. Thus at the closed end two 
condensations or two rarefactions will be superposed. There 
will be greatest change of density of the air in contact with the 
closed end. Velocity of the particles of air will he reversed 
after impact. There will be absolutely no motion of the 
particles over there and hence the closed end will act as a node. 
The open end of this pipe acts as a yielding wall. A wave of 
condensation arriving at the mouth deflects the sheet of air 
outwards and is reflected as a wave of rarefaction. The 
Bernoulli effect of the sheet of air which is constantly blowing 
across the outside of the mouth further increases the amount 
of this rarefaction and so at the open end these superpose with 
the result that ’he layer of air will have usual density. The 
displacement of the particles both in the direct as well as in 
the reflected wave will be in the same direction thus at the 
open end the resultant displacement will be great and this end 
consequently forms an antinode. The rarefaction produced 
at the mouth then travels towards the closed end where it is 
reflected as such. On reaching the mouth it sucks the sheet 
of air inwards and is thereby converted into a condensation 
and the whole process is repeated. Note that the energy for 
maintaining the vibrations is derived from the sheet of air. 
Fig. 115 (a) indicates the nature of the stationary waves when 
the fundamental tone is emitted. This amounts to saying that 
the period of vibration of a closed pipe is the time taken bv a 
pulse in travelling twice up and down the pipe A pulse iD the 
form of a condensation makes two journeys to the top and back 
before starting again as a condensation, i. e., to complete one 
cycle, the rulse moves four times the length of the pipe and 
so the wavelength ^ - 4x length of the pipe. This is the 
case for the fundamental tone. Uther modes of vibration are 
described later. 

151. Open Organ Pipe and its Period of Vibration — 

Here both ends are open, and consequently they serve as 
antinodes There must he a node in the middle in case of 
the fundamental. Fig. 116 (a) indicates the nature of the 
stationary wave «n this case. This amounts to saying that 
the period of vibration of an open pipe is the time taken by a 
pulse in travelling once up and down the pipe. A condensa¬ 
tion started at the mouth travels to the open top and reflects 
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as a rarefaction. On reaching the mouth, it suffers a reversal in 
phase, and starts as a condensation up the pipe again. In other 
words to complete one oycle, the pulse moves twice the length 
of the pipe and so for the fundamental tone wavelength A =21. 
Two other modes of vibration are shown in Fig. 116 (6) and (c). 
Really speaking an open organ pipe may be regarded as 
equivalent to two olosed pipes of half its length. 

152. Nomenclature of Modes of Vibration.—Sounding 
bodies are generally capable of vibrating in a variety of ways 
simultaneously giving rise to a complex note which consists 
of tones of different pitches or frequencies. The lowest tone* 
is called Fundamental. The rest are called Overtones. Over¬ 


tones whose frequencies are in the ratio 1,2, 3, etc., just as in 
the case of a string or an open pipe form a series called 
Harmonio series. Separate tones of the series may be called 
Harmonic Oerlones , Harmonica or Harmonic partials or merely 
parlials. The first harmonic will be called the first partial. 
Note that the term partial is restricted to the members of the 
harmonic series only. There are cases when tne overtones are 
not harmonic such as the overtones of the note of a bell. Other 


examples are in the overtones of transverse vibrations of rods, 
drums, tuning forks etc. They are called Inharmonic Overtones. 

153. Overtones of a Closed Pipe.—When a pipe is blown 
A \ j At i| /l i strongly, it emits a number of over- 
! | [ || ^ J tones along with the fundamental, 

j i i i \ • For a closed pipe, the olosed end is 

i j \ I A' )( always a node and the open end an 

j i \f l \ antinode. The fundamental and two 
i ! y X i other modes of vibration are shown in 

/ \ 

/ > 


i ; 
11 


(<i) 


X 


i ' 

I » 


A\\ j Fig. 116(o), (6), and (c). 


A' 


\/ 

X' I 


, and in the third 


I ! A I 


\ I 
\t 

yvUU 
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Fig. 116. 
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\/ 


<C> 


In the first case l = , in the 

4 

3 I 

seoond case l— , and in the third 
case 1= -A, 

*•*•» I—(2m —1)—^ where m is 

any integer (1, 2, 3, etc.) and so 
(2m—1) is an odd number. 


*A tone ia the simplest constituent of a sound and is incapable of 
analysis* 1 
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A = 


41 

(2m- |) 


But 


v = n A or n = 


n = 


r(2m — 1) 
41 


(I) 


This represents a series of tones whose fundamental is of 

pitch ~ t and the overtones are of pitches 3. 5 and 7 times of 

the fundamental. Thus the fundamental and overtones of a 
closed pipe have frequencies proportional to the odd natural 
numbers 1:3:5 etc. 

154. Overtones of an Open Pipe. —The fundamental mode 
of vibration may be diagrammati- ^ 
cally represented by Fig. 116 (a). 

The other modes of vibration are 
shown in Fig. 116 (6) and (c) After 
every node there occurs an antinode 
and vice versa. The extreme ends 
must be antinodes in each case. 

In mode (a), the length of the N 
pipe, j 


4* 


while in mode 

6* 


(b) 


/ = -— and in mode (c) 1= 

4 4 
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2A 


4* 
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iteger (1, 2, 3, etc.) 


4 

=2m 


6* . 

—t-- etc. 
4 


• ; 
i 

i * 
i • 

• ! 
i 

A 

i ; 

* 

t 1 

1 1 


l 

\ > 

N 

* 1 
\ / 

X 

'V 

X 


/ \ 

• i 


/ \ 


» » 

' 1 

\' 

\ ' 

» / 



A 

V 


i '• 

1 i 


< 

/. 

/V 

M 

A 

• \ 




/ \ 

1 \ 



/ 1 

1 1 

1 t 



A 

1 \ 


' / 


l V 

1 1 

/V 

A; 


\ / 

\ / 

1 

i 


yV 

X 

1 1 


Mi 


/\ 

1 1 



/ i 

1 1 

A 

A 

1 1 


where m is an 
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Fi«. 116. 
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This represents a series of tones whose fundamental has 

frequency ~, and the overtones have frequencies 2, 3, 4 times 

etc. of the fundamental. Thus the fundamental and overtones 
of an open pipe have frequencies proportional to the natural 
numbers 1 : 2 : 3 : 4 : etc. 


From the above discussion we find that the frequency of 
the fundamental tone of a closed pipe isand that of an 

open pipe of the same length is — i.e., the tone emitted by an 

open pipe is an octave higher than that emitted by a closed one 
of the same length. Thus to obtain with a closed pipe the 
same fundamental tone as that given by an open one, the closed 
pipe must be half in length to that of the open one. 

Example. A closed pipe 4 ft. long full of a certain gas 
resounds tj a given tuning-fork. If an open pipe resounding to 
the same fork and containing air be 5 ft. long, whit toould be 

the velocity of sound in the gas, taking velocity in air to be 1120 
ft.feec. 

Taking into consideration their fundamental notes and 

denoting the wave length and velocity in gas by and v Q and 
in air by \ a and v a respectively we have 

for the closed pipe, 1=^ =4 ft. or A„=16 ft. 



for the open pipe V 



• •• 


• • • 


or A«=10 ft. 


% • • 




• •• 


Sinoe the pipes resound to the same fork we have 
fore from (») and (u) 


TS=m 

•r the required velooity=16x 112=1792 ft./sec. 


... (it) 


*»=»', there- 
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155. Stationary vibrations in a closed end pipe —Let us 

now see how stationary vibrations are set up in a flue pipe. 

We may regard the sheet 
of air at the mouth as 
sending a train of waves 
along the pipe. As ex¬ 
plained in Art. 87 a com¬ 
pression incident at the 
• 

closed end returns as a 
compression. The closed 
end must be situated at 
a node, and the particles 
must be at rest. Graphi¬ 
cally the amplitude of 
the reflected wave at the 
closed end should be 
represented by a negative 
ordinate to nullify the 
displacement effect of 
the incident wave. Ac¬ 
cordingly the thin and 
dotted curves in Fig. 117 
are the associated dis¬ 
placement curves of the incident and the reflected w aves respec¬ 
tively, while the thick continuous curve gives the displacement 
of the resultant wave The first stage gives the state of affairs 
at any instant < = 0. The next stage represents the condition 
quarter period later. To get the incident and reflected waves in 

this case, we merely advance the thin curve by ~ towards the 



Fig. 117. 

[Note .— Upward ordinates represent 
displacements to the right and vice verm] 


right and the dotted curve by * towards the left. Similarly 

the remaining stages after every quarter period are obtained. 
We see that tho interaction between the direct and the reflected 
waves gives r.se to stationary undulations in which N Jt A T 2 , N it 
etc. represent the nodes and A v A 2 , ^ 3 * e * c » are ^‘ e on!inodes. 

The two sets of points are ~ apart, antinodes being situated 

midway between two nodes and vice versa. For properties 
of stationary waves see Chapter VII. 
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2t t 

Mathematical Treatment.—Let y t =a sin —-(i it—x) be 

A 

the equation of the incident wave. When reflection takes place, 
the closed end is to remain a node, so the amplitude represented 
by a in the incident wave will be represented by —a in the 
reflected wave. 


Hence y 2 

reflected wave 
The 


= — a sin — (ttf + z) is the equation of the 

"h 


IVULUV. 

displacement of the resultant wave is given by 

A A 


'=a sin^ (vt—x) — a sin 
A 

0 • 27 TX 2lTVt 

= — 2a sin —.cos - 

A A 


(vt+z) 


[v sin A— sin B= 2 sin 


A-B A+B-i 

cos 


am 


. 2ttvI , _ 27 rx 

= A cos , where A= —2a sin — 

A A 

That shows that each point of the wave executes S.H.M. c 
plitude A, which varies from point to point along the wav< 

. ~ 27Tl>Z 


when 1—0, 


cos 


= 1 , 


~ w 

and A =— 2a sin^ represents the equation givii 

the shape of the wave at that time. 

At points *=0, A, ~ etc. 4=zero, that is, there is i 

displacement. Such points called nodes are marked A, N . A 
etc. in the figure. lt *> " 

while at points x= 3 ^, etc. 4=2o or -?o. 
-« 1> l^“ e „^ t8areaIltin0de8andare8h0Wn “ figure l 
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156. Stationary Vibrations in an open end Pipe. —We saw 

in Art. 87 that at the 
open end a compression 
returns as a rarefaction. 

The open end acts as an 
antinode i e., there is 
maximum displacement 
of air particles there. 

To obtain this condi¬ 
tion graphically the 
amplitude of the refle¬ 
cted wave corresponding 
to the continuous thin 
line incident wave must 
be represented by the 
dotted line as shown in 
the various stages. The 
thick line curve will, as 
before, represent the 
resultant displacement 
ourve. The stages re¬ 
presenting the condition 
of the medium after every quarter period are obtained in the 
same manner as in the preceding section. Carefully note the 
positions of die nodes and antinodes and compare them with 
those obtained in Fig. 117. (Reflection at the closed end). Con- 

•ecutive nodes or antinodes are ^ apart, but the first node N j 

2 

is quarter wavelength from the end. 

Mathematical Treatment. —As bofore, 

y, =a sin -- (vt—x) is the direot (incident) wave. 

From the condition of reflection at tl.e open end it is clear that 

y t =a sin — (vt- fa:) is the equation of reflected wave, m 

order that the free end may be situated at an antinode. 

The displacement of the standing waves formed by the 
superposition of the two is given by 

y=a B\v^(vt — z) + a sin 


Fig. 118. 

Note. - Upward ordinates represent dis- 
placemen* to the right and vice versa. 
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2-nx . 2 tt vt . . 2nvt 

= 2a cos — sin —=A sin -- 
7 \ A ft 


A = 2a cos 


2-nx 


in 


the figure, while at points z= , — eto, .4 — zero. 


<t)t‘Q 


where —- ^ 

This shows that each point exeoutes simple harmonic motion 
of amplitude 4, which varies from point to point along ihe wave. 

A*=2a cos — ( represents the equation giving the shape 

7 \ 

of the wave at a particular time. 

At points 3=0, A, etc. A=2a or —2o. 

These points are antinodes and are shown by A lt A ,, A g etc., 

\ 3A 

4 

there is no displacement, S-ch points, called nodes, are 
marked N v N 9 eto. in the figure : It is also clear from above 
that the first node A r t is a quarter wavelength from the free end. 

157. Reflecton of Sound Wave* at the Open End more in 
details- —When reflec¬ 

tion take place at the 
fixed end of a string or 
the closed end of a 
pipe, it is complete 
i.e. t the reflected wave 
is of the same intensity 
as the incident wave 
and so the amplitudes 
of both the incident 
and the reflected waves 
are denoted by equal 
ordinates. 

But when a wave 
arrives at an open end, 
it meets a disconti¬ 
nuity and so the 
reflected wave is not 
of the same intensity 
as the incident wave 
and hence the inter¬ 
ference within the tube 
is not complete. Here 
the amplitude of the 






Fig. 119. 
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reflected wave is represented by an ordinate a'<a, the ordinate 
representing the amplitude of the incident wave, and hence 

its intensity being proportional to the square of the amplitude 

is also less. Thus, within the tube, there is a progressive wave 
travelling down it and superimposed upon the steady vibration. 
This progressive wave comes out of the open end. In other 

words the energy of the incident, wave is partly reflected and 

partly transmitted. Stages (1) to (IV) o Fig. i 19 are drawn in 
the same manner as in the preceding section. The incident wave 
is denoted bv the thin continuous line, the reflected wave of 
less ordinate by the dotte 1 lin* and the compounded wave by 
thick line. It may be noted that the resultant displacements 
in stages (II) and (IV) are no longer represented by a straight 
liue as before when ‘a" was assumed equal to ‘a’. 

Analytically we proceed as follows : — 

As before y x =a sin (vt — x) ... (1) (incident wave). 

A 

277 

y 2 ='* am (wl-far) ... (2) (reflected wave). 

A 

where a' <a. 


Equation (1) may be put as 


277 


277 


J — 


y 1 =(a—a') sin (vt — x) + a' sin ^( vt-x) 

A A 

Combining (2) and (3), we have 

(a —a') sin (vt—x) -fa' sin ^-(vt — x) -fa' sin * n (vl-\-x) 

A A A 


... (3) 


i . 277 . ... r 2 77 


= (a — o') sin (vt-x)A-a' | sin 

A •- 

, *» • 2-tt , 277 . 27 r 

= (a — a ) sin - (vt— x)-f 2a cos — x sin — vt, 

A A A 


(vt-x)+sin 2 "(vt+x) J 


i.e.. y=a progressive wave that emerges 

-fa stationary or steady vibration. 


158. Resonance in Air Column. —Clamp a glass tubing 
AB open at both ends as shown in Fig. 120. End B dips into 
water contained in a glass jar. This enables the length of the 
air column to be adjusted. Now when a vibrating tuning 
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fork is held near the open end 
A of the tube, the prong of the 
fork gives the air column, a 
sequence of taps causing in it 
stationary vibrations, provided 
the length of the tube is such 
that the frequency of the taps 
coincides with the natural frequ¬ 
ency of vibration of air column. 
It may be suggested here that 
the6© vibrations closely resemble 
those of a spiral ofwire fixed at 
the upper end. when properly 
timed taps are given to the weight 
attached to its lower end. To do this experimentally, loosen the 
damp and holding the tuning fork over the open end, raise or 
lower the tube till a reinforcement of sound takes place i.e., 
resonance occms. Fix the clamp, and measure the length of air 
column Now the period of air oolumn is the same as that of the 
fork. The air at the open end must be at an ‘antinode’, and that 
at the closed end at a ‘node’. The distance between a node and 

the nearest antinode is hence the length of the wave i.e., A is 

equal to four times the length of the air column (A =4 1). 

Let us see how the resonance is brought about. 

Suppose the lower prong of the fork vibrates between 
limits b and a. Starting with the prong at b about to 
move dowwards. a wave of compression is sent down the 
tube. When the prong arrives at Q its mef»n position, 
the compressional wave reflects from the surface of water 
(denser medium) as a wave of compression and just renches the 
open end when the prong comes to n. Now the compressions! i 
wave on reflection from the open end (rarer medium) goes down¬ 
wards as a wave of rarefaction while the prong also tends to go. 
from a to 6 giving rise to another wave of rarefaction going' 
downwards. These two reinforce each other and after suffering 
reflection at the dosed end come up to A, just when the prong 
reaches 6. This combined wave of rarefaotion on reflection &V 1 
the open end travels downwards as a wave of compression* 
which is further amplified by another wave of oompre-sion sell' 
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up by tbe movement of the prong from 6 to a. Thus the 
air column is thrown into a state of vigorous vibration. With 
this the .amplitude of the sound wave becomes appreciable, and 
we get Resonance. 

It is seen from above that when the prong makes a half 
vibration i. e., from b to a, the wave travels twice the length of 
the air column (first downwards and then upwaids) Thus when 
the wave travels four times the length of the air column, the 
prong makes one complete vibration ». «?., wave length of the 
note is equal to four times the length of the air column. 

159- Correction for the Open End and its Determination. - 

It may be further mentioned that there is one more point of 
difference between reflection at the closed and the open ends 
of pipes. Whereas, in the former case the reflection takes 
place just at the end, in the latter the circumstances are slightly 
different. At the open end the reflection is due to the openness 
of the outside medium, and so particles are free to move in all 
possible directions. Just at the open end the air particles are not 
perfectly free and therefore it is at a little distance farther from 
the end that complete reflection is caused. The distance from 
the end of the pipe to the point of complete reflection is called 
‘ End. correction.' Open pipes are of two kinds, flanged or 
unflanged. In the former case there is more restriction as to 
the freedom of motion of all particles to cause complete reflec¬ 
tion, hence the end correction is a little greater thun that in 
an unflanged pipe. The unflanged pipe aots as a resonator 
whose mouth is enlarged, and consequently the pitch of a pipe 
is higher without the flange than with it. According to 
Rayleigh’s determination the cor¬ 
rection for an unflanged pipe 
is 62 R where Ii is the radius of 
the pipe. For a flanged end 
the correction is 82 R. Blaikley 
determined the correction for 
an Unflanged Pipe to be />8 R as 
follows:— 

A wide glass tube open at 
both ends is mounted vertically. 

The lower end which is drawn out 
into a nariow tube is oon- 



Yi g. 120. (a) 
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nected by. an India-rubber tube to a reservoir which can be 
elided along a vertical stand. A metre rod is fixed to the 
upright stand to measure the length of the resonance column, 
[Fig. 120(a).] 

I o begin with, water is poured into the resevoir so that 
it fills the rubber tube and a part of the glass tube. The' 
reservoir is raised till water level inside the glass tube is near its 
mouth, and a tuning-fork of known frequency is made to vib¬ 
rate near it. The water level is gradually lowered till reson-• 
ance occurs, the water surface forming the closed end of the 
pipe. Let the observation be repeated three t : mes and the 
mean length of the resonance column be L. ' Water level is 
lowered still further (fork vibrating) till a second resonance posi- 
won is obtained and let the mean length be Z a . See Fig. 120 (6) 
thus the tube gives maximum resonance when its length with 

the end. correction added to it is —, e tc 

4 4 4 


For the first resonance position, l.-\-c= ^ 

• 4 

i 

For the second resonance position. J a -fc= — 


( 1 ) 

( 2 ) 


Multiplying equation (1) by 3, we get 31, + 3c=^... (3) 
Equating (2) and (3), gives * ’ 

3l,+3c=l a +c 
. or 2c=/ t _3f, 

-M JV I ... c — 

p »g. 120 (6). 2 

oJZ JSrVi End Correction on the Overtones and the 
i* 70 * 4 * 1 ® Note When th6 correction is applied td a 

wouT/becoT' ‘ eDgth ,lte " 1 '+'’■ (D Art. 

t>(2m—1) 

„ • "4(«+cr 

endfareoper 0 P ‘ Pe ** '“8 th «■“»*• *» »+2c. since both 

Equation (2) Art. 154 becomes 



226 


A TEXTBOOK OF SOUND 


This would mean that the frequencies of the fundamentals 
and their overtones in both cases are slightly lowered ; but 
their relative pitches remain unaffected. 

Frequencies of the fundamentals of the closed and open 
pipes with end corrections taken into consideration will ihus 
become 

' h= 47 T+c) and = 2(l+2e) 

. n,' 2(l+c) 

" n, = (i+2c) 

n^is not exactly twice of 74 as already deduced without 
the correction. 

The corrections explained above are true in the case 
of a Narrow Cylindrical pipe i.e., when the radius of 
the pipe is small as compared with the wavelength. If the pipe 
is wide, the correction not onlv depends upon its width but 
varies with the wavelength as well. In case of a narrow pipe, 
the pipe would be merely regarded as longer by an amount c, 
and so the overtones in such pipes will be a little flatter than 
what they would be if no correction were needed. While in the 
case of pipes of wide bore, overtones are all sharper than the 
harmonics of the fundamental, and this divergence increases 
with the overtones of higher order. In case of narrow tubes 
this effect is less marked and lower proper tones (overtones) 
fairly agree with the harmonic series (1, 2, 3, etc.). 

‘End Correction’ also affects the quality of the note. A 
narrow tube when blown strongly gives proper (ones which 
agree closely with the harmonic series and therefore with the 
vibrations of the sheet of air blowing across its mouth as they 
can also be expressed by the harmonic series. As the energy 
for maintaining the vibrations in a pipe is derived from the air 
sheet, in this case the resonance will extend to a considerable 
number of the lower members of its modes of vibration, and 
the note will contain many harmonics. The nearer the proper 
tones are to the harmonics, the more the resonance effect, and 
the greater will be the intensity of the corresponding harmonic 
constituents of the note. In case of wide pipes proper tones 
differ sufficiently from the harmonic series, so the reson¬ 
ance effect is less. Such pipes give notes containing few har¬ 
monic constituents with the result that they are smooth and 
dull. On the other hand a narrow pipe is rich in harmonic 
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constituents and the sound emitted is full of volume and 
sweetness. 

161. Velocity of Sound in Air by Resonance.— The result 
A=4 1, where l is the length of air column enables us to 
determine the velocity of sound in air, for e==n?\=4nJ. 
Knowing l from the resonance experiment and n from the 
frequency of tuning fork, we can find v. 

The formula «=4 nl is not acourate as the correction for 
the open end is not taken into account. If the first resonance 
length is to be considered then tuning length =l 1 -\-c=l 1 +’58R. 

and ~=(^ + -68 R), ».e., fc =4 (/, + ■ 58R) 


.*. e=nA=4n (*, + -58/?). 

R is the internal radius of the tube being half of the 
internal diametojr measured by an inside vernier oalipers. 

The ‘end correction’ can be eliminated if two positions of 
resonance are taken as explained in Art. 159. 

Subtracting equation (l) from (2) on page 225, we get 

.. v=n ^ =2n(l i —£j). ThiB value is then to be corrected 
for temperature and humidity to find the velocity at 0°C. 

162. Methods of Tuning Flue Pipes. —The following are 
the several methods of tuning the open pipes :_ 

(1) A hole is made in the side of the pipe near the open 
end. This is covered with a flap. By pulling the flap the 
length of the pipe is virtually shortened and the pitch is raised. 

(2) Upper part of the tube is made to slide telescopically 
over the lower part, so that the length of the pipe can be 
increased or decreased at will. 


(3) Many pipes have a number of cylindrical tubes of soft 
metal,, whioh are tuned with the size of the opening at the top 
of the pipe. By putting a hoUow cone at the end, the opening 

cloaed . thus . lowering the pitch. If a solid cone is 
pressed, the opening is enlarged and raises the pitoh The 
pipe here acts as a resonator, with enlarged mouth. 

. J 4) V° ? apS 3 ? re U8ed on ^ ch Bide of the mouth of the 
pipe. By bending them inwards, the size of the mouth 

effTdna^owfn^ 6 £ ltC h * a . ccord i n 8 l y lowered. The opposite 
etteot is obtained by bending them outwards againsteach 
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In the case of closed pipes, the upper end is tightly closed 
by a movable fitting plug. To alter the pitch for tuning, the 
length is varied by pulling it out or pushing it in. 


163. 



Fig. 121. 


Experiments to Demonstrate Nodes and Antinodes 
in Organ Pipes. —(i) An open pipe with one side 
made of glass is held in a vertical position as shown 
in Fig. 121. A small paper drum D with some fine 
dry sand sprinkled on it is lowered into the pipe by 
means of a thread. When the pipe is sounded, 
stationary vibrations are set up into it with nodes 
and antinodes at fixed positions. When the drum 
is at an antinode, the sand particles dance about on 
account of the motion of air, whilst at nodes no 
movement of the sand is noticed. For the funda¬ 
mental tone, a node in the middle and antinodes 
at the ends are located. When the pipe is blown a 
bit stronger to produce its first overtone, two nodes 
at one quarter of the length of the pipe from 
either end (which is an antinode), with an additional 
antinode in the middle are observed. 

(«) Koenig’s Manometric Capsule [Fig. 122 ^a)] 
is also used for finding the position of nodes and 
antinodes. It consists of a small chamber divided 
into two compartments by a thin diaphragm D 
made of Indian-rubber. Coal gas enters one of the 


compartments by the pipe A, and leaves by the jet 
J. where it burns into a tall thin flame. Attached to the other 
compartment is a short, tube T to be inserted in the wall of 
the pipe. When the tube T is near a node, the variation in 
pressure drives the membrane in and out, and the flame, in 
turn will jump up and down in tune with the vibration of 
the membrane. The fluctuations in the height of the flame 
being very rapid are not generally seen with the naked eye 
and to do so the image of the burning jet is viewed in a revol¬ 
ving mirror, which is a hollow box having its four side faces 
made of plane mirrors and mounted so as to be capable of 
rotation about a vertical axis passing through its centre. 
When the tube is at an antinode the flame is at rest, and the 

image produced by the rotating mirror on a wall or a screen is 
a continuous band. When it is at a node, the flame dances and 
the upper edge of the band shows a series of teeth. 

This capsule can also be used to determine the character of 
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the musical note as well. Note that with the increase in the 
frequency of the note, the upper edge of the band will show a 
larger number of teeth. 



\ 
<a) 


Fig. 122. Revolving mirror for viewing manometrio flame. 


164. Reed Pipes — Here the vibration is caused 

A'°T e r 0f metal called the reed, which replaces 
the sheet of air at the bevelled surface of a flue 

Sr-tiZ^ 18 bl ° Wn into the box B trough 

, ' A • , the ^g" 6 * vibrates before an 

If th "? °’ and send8 a series of puffs through it. 

it Wt T‘ e u 9 t httle lar g er ‘han ^e opening 
it beats at each vibration against it and s 0 P called 

a beating or ttnkmg reed. The beating reed is 

cu " ed outwards, so that the closing ITnot 

from en th dU6 fi t ° Y Pt? 8911 re hut is effected gradually 

h^h tn^ced" iT^U S* ^ 

Agreed 8 which ° penin «- il 18 a 

/ee reed, which does not cut off the full suonlv 


P 



0 


, S 
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for the purpose. But presence of higher harmonics to a 
greater or less degree is the main cause of the characteristic 
penetrating quality of reed pipes. 


165. Action of the Reed.— On blowing a reed pipe, air 

passing the sides of the reed into 
the opening, starts a condensation 
in the pipe which reflects back as a 
rarefaction at the top free end. In 
the meantime the reed closes the 
opening and the coming rarefaction 
again has to go back as a rarefac¬ 
tion which returns from the 
free end at the reed as a condensa¬ 
tion. This causes the reed to open 
Fig. 124. and allows more air to enter, thus 

further increasing the compression. So the process is repeated. 
Thus a pulse of condensation, to complete its full vibration, has 
to travel four times the length of the pipe, i.e., the wavelength 
is four times the length of the pipe. So a reed pipe is to be 
regarded as closed at the reed end unlike the mouth of a flue 
pipe which is an open end. In short in spite of the fact that 
air and energy enter the pipe at the reed end, it acts as it were 
a node. 



166. Effect of the Reed on the Pitch of the Pipe —If the 

reed is very flexible, the length of the pipe really controls the 
pitch of the note produced. On the other hand, if it be stiff 
and stout, it would force the vibrations of the pipe and the 
note produced would be mainly du>9 to its natural frequency. 
In case of metal reeds generally used in organ pipes, there is 
a reciprocal action, the reed forcing the vibrations of the pipe 
and the pipe trying to change the natural period of the reed. 
Hence we must have the reed and the pipe of nearly the same 
pitch so as to improve the quality and enable the pipe to speak 
just when blown into. A cylindrical reed pipe (clarinet) will 
only give the odd harmonics, but by making the tube conical 
(hautboy and bassoon), this would be avoided, and proper tones 
in the ratio 1 : 2 . 3 : 4 etc. could be produced. 

167. How to tune a Reed Pipe—A beating reed is tuned 
with the help of the wire to shown in the figure, held against one 
Bide of the reed near its root. By pulling it up, the length of 
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the vibrating reed is increased and the pitch lowered and vice 
versa. In case of a free reed, tuning is effected by a wire clip 
grasping it on both aides near its root. The lees the vib¬ 
rating part left free to vibrate, the sharper the pitch. In case 
no such arrangement exists and we want to tune a particular 
reed once for all (as in the case of harmonium reeds;, we raise 
the pitch by scraping at the tip of the reed. To flatten it, it is 
scraped at its base. 

168. Effect of Change in Temperature on the Pitch of the 
Pipe*.—A change in temperature affects a fine pipe in two ways. 
If the temperature rises, the pipe gets a little longer due to 
expansion and also the density of air within it is diminished. 
The alteration in the size of the pipe is so slight that it pro¬ 
duces an inappreciable effeot on wavelength and hence on the 
pitch, while the density of air is sufficiently diminished to alter 
the pitoh by an appreciable amount. We have seen vide Art. 

62 (it;) that the velocity of sound v a yJT, where T is the 

absolute temperature. Butt;=n * , hence n ay/T, > remaining 
alrboflt unchanged. 

In case of a reed pipe, the rise in temperature softens the 
reed and so it becomes a bit flatter, but the pipe on account 
of the rise in velocity becomes sharpy as shown above. The 
change in the pitoh of the reed is less than that of the pipe 
and so on the whole with rise of temperature, the pitch of the 
reed pipe increases. Of course the change in pitch is less than 
that of a flue pipe. Thus it is only at one temperature that 
the different sections of the organ can be accurately in tune 
with eaoh other. 


CHAPTER XII 

VIBRATIONS of rods, plates and bells 

169. We shall now give a brief account of a few mis¬ 
cellaneous cases of vibration which are of not much consequence 
in the theory of music viz,, the vibrations of rods, plates and 

bells. 

A rod may be made to vibrate longitudinallj' or transversely, 
the exact mode of vibration will depend both on the stroking 
and on the manner in which the rod is clamped. The rod need 
not be stretched like a wire and it is the elasticity of the 
material, not the tension which restores the successive portions 
of the rod to their original relative positions. 

169a. Longitudinal Vibrations of Rods : — 

Case 1- Free at both ends .—The vibrations are quite similar 
to those of an air column in an open organ pipe. Such a rod 
is damped in the middle and fundamental tone is produced 
by rubbing it lengthwise with a piece of wet flannel or resined 
doth. The middle point acts as a node, and the two ends as 
antinodes. The wavelength is therefore twice the length of 
the rod. Waves of compression and rarefraction run along the 
rod After reflection at the ends they produce stationary 
vibrations similar to that in a co'umn of air. No end correction 
is needed here. Both even and odd harmonics may be 
produced. 

To demonstrate the existent of longitudinal vibrations in a 
rod suspend a light pith ball pendulum in front of and in contact 
with one end of the rod. When the latter is stroked with the 
resined cloth, the ball will fly out because of the impaots with 
the rod. 

For longitudinal waves in a rod the velocity is given by the 
formula —» where 7 is Young’s modulus, and p is the 

density of the material of the rod. Overtones can be produced 
by clamping it at suitable places along its length rind rubbing 
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the shorter section. Velocity of sound V in a rod = ^ where 

* is the wavelength in the rod and T is the period of vibration 
of the rod. Since the period of vibration of the rod is the 
same as the period of the vibrations produced in the air, 

where V' is the velocity and >the wavelength of 

sound in the air. Therefore i.e., the velooity of sound 

“* h ? ro f. and a ‘ r “ re Proportional to their corresponding 

rbe^:Xduit a n. u8ethiarelatioDin Knndt ’ s ***“ 

- 9**® ^• Fixed at one end.—Vibrations are similar to those 
'L air m .. a 5 los ed pipe. The fixed end is a node and the free 

whir 80 l , hat * =Al For the ** overtone in 

wnicn the additional node comes at one third l from the free 

are DrodueJd h ~*^a \ ^^ nera ^ ze on ^ °<* d harmonics 

are produced by a rod clamped at one end. 

it a en ^ -To produoe its fundamental, 

firpH H bed m tbe midd,e w»th a resined pieoe of leather. The 
fixed ends are nodes, and the middle point an antinode. 

are Ihfo Vi ^ ra ^! n# ^ Rod*.—Transverse vibrations 

rn a ^bTe ,bl L“ri d -,„ There . are » whioh a rod 


can vibrate trTnsverilv. 7* ? ^ 

the mode of vibration being \ / \^/T ,A _« 

different varying with the \ 7 \/S 

manner in which it is sup- \ / Nr-*- /A i 

ported. Two important \l \ (j I 

cases are worth considering if / l n)[ — 

firstly when one end is I /\ 

fixed and the other free, / / ' 

and secondly when it is L \ \ 

supported at two interme- l——i r ^V . An’ 

diate point 0 aoting as nodes. ~7 tH St/H Clip 

The first case i 8 termed as 

fixed-free vibration. Vibra- Rg * 126 ‘ 


ai). 

Pig. 126 . 
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ratio 1 : 6£ : 17£. These modes of vibration are shown in 
stages (I) (II) and (III) of Fig. 125. 

In the second case the rod takes the form shown in Fig. 126 

so as to produce its fundamental. 
The points of support will be posi¬ 
tions of no vibration and the ends, 
those of maximum vibration. 



Fig. 126. 


Between the supports there will be 
an antinode. Other modes may be 


produced by having additional supports between these two and 
will have frequencies different from those of harmonic series, 
for example, the first overtone is 6 5 times that of the 


fundamental. 


171. Method of tuning a Fixed-Free Rod. —If the free end is 
soraped off the mass and hence inertia is diminished and as prac¬ 
tically no change is made in the elastic forces, the pitch is raised. 
If the rod is filed near the fixed end, elastic forces are weakened 
without any appreciable change in its inertia, and the pitch 
is therefore lowered. The free reeds of a harmonium are fixed 
free rods, and as described above they are tuned by scraping 
off the metal at the free end or at the base, according as it is 
desired to raise or lower the pitch. 

172. Tuning-fork.—The tuning-fork is a very valuable 
instrument used in acoustical measurements. If handled pro¬ 
perly its pitch remains constant for a number of years. Thus 
it is generally taken as a standard of pitch. 

It may be regarded as two fixed-free rods on the same 
base. The free ends when struck gently execute transverse 
vibrations due to its inertia and rigidity. The note 

S roduced is practically a pure tone. The overtones if pro- 
uoed at all are very few and belong to inharmonio series 
which die away much more quickly than its fundamental. On 
mounting it on a resonance box, the tone is made purer. The 
box may have its overtones but as its fundamental agrees with 
that of the fork, it is strengthened. It is this purity whioh 
makes the fork a valuable instrument in the scientific study of 
sound, because sounds produced by all other instruments 
are wanting in this respect. The frequency of the fork can be 
accurately determined with the help of Helmholtz’s vibration 
microscope. Tuning can be done by filing the prongs at the ends 
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U) raise its pitch; while scraping it near the base lowers the pitch. 
Electrically maintained tuning-forks give a sound of the same 
frequency for any length of time. 

Ji? Juning-fork is also regarded as a single free-free rod 

form of 1 r/ lta |p“ ,d 5o?’ ° ther W ° rds il U a bar bent into the 
form of C/. Fig. 127 shows in three stages 

how a tuning fork may be built up from 

a straight bar. As the rod is bent gradu- 

ally the consecutive nodes on either side 

ot the centre come nearer and nearer and 

the transverse motion of the portion 

between them becomes less and less. When 

the prongs vibrate outwards and inwards. 

the portion NN moves up and down. This 
motion is communicated to the top of the 
resonance box, and then to the air. The 
frequency of a fork varies directly the 
thickness of the prongs and the velocity 
of sound in the material of the fork and 

lnuppooltr AA il__ /• .. * u 
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Fig. 127 
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inversely as the square of the length of the prongs, 

V Z, where k = -i l thiokne8a ) 
f> y/12 ’ 

onKteluf the°fork Ld Y ° UDg ’ 8 m ° duIu9 ' ' the de ™‘y 
values for differen toues For d ®*“‘ 

There may be a very Xht 10116 ro *=l'875. 

tore is varied. With al T m pitoh wben the tempera- 
increases and the n*temperature, size of the prongs 

BoththXe^ facers ^ ° f the &rk deoLs^ 

* abont * 01 % 1°C. rise ii temperature!^* “ “ pitch 
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Simplifying this relation dimensionally, we get Nxy/Tl 
In case of steel, coefficient of linear e Ip ansion= + 1 

while temperature coefficient of Young's modulus of Ja ’ 
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The latter has by far the greater effect, thus the frequency if 
slightly lowered. In case of steel it is expressed as 

N,=N o a -0 00011 <) 

where N 0 and Nt are the frequencies at 0° and t u C respectively 
and t represents the rise in temperature. 

Nickel-steel (an alloy) has much smaller temperature 
coefficient and so tuning forks made of this alloy are being 
commonly used now-a-days. 

173. Vibrations of Plates. Chladni’s Figures —The vib¬ 
rations of plates are not of much practical importance but 
they afford very interesting illustrations of the phenomenon of 
Pemanent Interference- The complete nature of their vibra¬ 
tion can be found mathematically with great difficulty but they 
are rendered interesting by a simple experimental method 


UV » 1UVU j --- - 

modes of vibration Let us consider a 
rectangular plate which may be looked 
upon as a broad rod For example, 
the square plate ABCD (Fig. 128) may 
be considered as a rod of ledgth AB and 
width BC, or as a rod of length AD Q 
and width AB. In the first case, it 
may be considered to vibrate about QS 
as a nodal line, and in the second case 
about PR as a nodal line. If the plate B 
is firmly clamped at its centre 0, and 
bowed at one corner, QS and PR are nodal 


1 

2 

O - 

3 

4 


Fig. 128. 


UUY* CUOtwuv -- . m 1 

lines and the comersare points of greatest vibration, lo observe 
them a little fine sand is evenly sprinkled over the plate. It » 
held at a point R at the centre of one side and bowed near the 
corner C, the sand is thrown off the parts of greatest vibration 
and gathers along the two diameters PR and QS parallel to t 
aides of the square. These diameters are nodal lines and the 
corners are the antinodal regions. Any two nearest corne ™ °° 
opposite sides of a nodal line are always in opposite phase 
t e if l is coming up, 2 is going down, 4 is coming up and 
3 is going down. The plates used for obtaining these figures 
may be square or round fixed at gome point. Having fix^ 
the plate at the centre as in Fig. (129), hold at A w,t ^ 
finger and the thumb, and bow it at A, different patterns wi 

be obtained. 
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In the case of round plates fixed at the centre nodal lines 
are radial, dividing the plate into an even number of sectors. 



Fig. 129. 

o get concentric nodal circles in them, the plate is not fixed 
™ centre but placed on three small wooden cones lying on 
a nodal circle, and then hammered gently at the centre. 

B eU»'- B ell8 are only round 

clasTih. ‘iT,. DOdal 1,ne8 are of two cla88f!s - Id the first 
tbTbell to n da , llDCa ™.“ radial 'y fro “ central support of 
bell at vb Cd ? e a ? d m se00nd c,a " the.V run round the 

inc udes tb h 1 T gb , ta abo J e ‘he “»"»!>. Tne former class 

four em.tl W ? f ° r the f T damental "Ole the bell vibrates 

“ve^neHi ^ r Fara , ted by n0dal line8 - To Ptoduce the 
numW of h y ““ alB ? J lbrate in 6. 8, 10 or 12 i.e„ an even 
overtones ® e ^ mente * In fa ?J overtones are not harmonio 
The fnrtH M by a , string or an organ pipe, 

is not th da . mental 1006 which determines the tone of thebeli 

is called “T 1 but l 116 l owest but one - The first note 

the next thre ? “ 0te , the fundamental is the second, and 

“nominal ’^TheBo? "" “?*? the “ tierce "' the ‘'fifth” and the 

mSSj r-F laaia 

Of the snrfaw ?he bell The 1 ^. 08 mv ° raely M the aroa 
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into a vibrating bell with its mouth upwards. At the nodes 
the balls will be at rest, whilst at the antinodes they will 
be agitated. Fig. 130 represents 

the mouth of the bell when it is ^ 

emitting its fundamental. Points 
A 7 X , A a . iV 3 and A 4 are on the nodal 
lines. The segments of the rim between 
them vibrate in and out. Any two , 
consecutive ones vibrate in opposite ^ 
phases. For example at a certain moment \ 
the arc A’, A'N 2 will be <N y AN 2 in 
the normal position, and arc N y B A^ 4 > 
arc A little later will 

be >arc N y AN t in the normal position, 
and arc N y B'N + will be < arc N y BS t . 

Thus it is clear that during each vibration a little of the rim 
is transferred through Af, from the segment N y AN t to the seg¬ 
ment N y BN 4 and back again. In other words there is a small 
tangential vibration of the rim at N lt N „ N t , and N A as well as 
a radial vibration at A, B, C and D. This explains why passing 
a finger round the moistened rim of a wine glass can set it in 
vibration. The motion of the finger causes tangential vibration 
which also sets the radial vibration and makes the wine 

glass sing. 

Bells are not generally accurately in tune when first cast. 
An experienced maker knows how to tune them and to modify 
the overtones suitably by putting them on a lathe and removing 

the metal from the inside. 

It will not be out of place to mention here that a bell may 
be looked upon as a bent circular diso loaded near the middle 
just as a tuning fork is a bent rod. A tuning-fork as said 
above, almost gives a pure tune, an organ pipe when blown 
aently may also produce the same, but a bell when . vibrating 
would never do it. The note produced by it is generally a complex 



C 

Fig. 130. 


ODe i75. Vibrations of Stretched Membranes. -The mod<*of 
vibration in case of stretched membranes as kettle-drum, Indian 
Tabla etc. are somewhat similar to those of 

olate We do not propose to enter into the details of these 

modes and the corresponding nodal lines as they £ire (rf no 
practical importance. Such instruments are not tuned to any 
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are used only to accentuate the rhythm of 
music. The frequencies of the different modes form a non¬ 
harmonic series such as 1 : 1594 : 2 136. By putting a hollow 
chamber underneath as provided in the Indian Tabla, their 
frequencies are largely modified. In addition to this, the centre 
o the membrane is loaded with a paste of iron filings and gum. 
which greatly improves its mode of vibration and the compo¬ 
nents now praci ically form a harmonic series. For this reason 
taoia is used in Indian music not only as an acoompaniment 

but as a musical instrument. In quality it is much more 
superior to other drums. 

, 176 ' Musical Sound from a Diaphragm— It might be 
understood from above that a diaphragm gives out & non¬ 
musical sound. But the gramophone sound box (Fig. 146) or 

or 'S.lkie rD m f0 ir-° f louds P eakers Art. 211(c) used in Radio 
the T vb' e Hr hl r ? re P rovlded with somB soft of diaphragms 
thfn d a h 0f Wh,0h P roduce “usic. In all these cases a 
thin diaphragm 18 mounted in a casing such that its natural 

k° q w cy of Vlbrat ' 0n though non-musioal, is either too high or 

It ii alwava m r re r Tu pit ° h ° f the musioa) aaale used, 
electrioal 7 d - ■ to ‘ he fo r ced vibrations either mechanical or 

S3131 ° scilla - - 

the aasric Body deduced by 

tuning-forks similar in shape and madTof^the^am b ° d ‘?' “7 
but one being double the .X e of a “ e mater »U 

be an octave higher than th* 1 * 0l ^ er ’ t ^ le smaller fork will 

period of vlbraS rO depcnd^T" r The 7? « b - b 
density p, and the elastic^oefficient tS“ r d ' me . na,on l < tb ® 

not depemfon the^unlhTnf nunleri<!a, constant that does 

a. , .Jasxxz!j~si 

Z “■ *■— * <*—. * .,„,4 
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volume per unit volume, i.e., hp~ 


hV 


/pZ 


of ma68 and acceleration and has dimensions 

S V 

the elastic coefficient (Bp -has dimensions 

l? M 


Force is the product 

ML 


Therefore 


{<¥> 




T'=KL* ("W* V 


L 3 “ LT* 

The dimensional equation of the above relation is 

\'(J< ) 

'/ V LT*' 

or [T l )=K. L*-*"-* Mv+ Z . T ~* 

From the principle of Homogeneity of Dimensions in a 
physical equation we know that the indices of the fundamental 
units on both sides must be equal, 

• considering the power of L, x-3y—z=Q 

M, y+2=0 

T, -2z=l 

x=l, y=\, z=— \ 


>> 


ft 




1 1 


whence 


t 


V 


This shows that t is directly proportional to the square root 
of the density of the body, and inversely as the square root of 
the coefficient of elasticity. If the two bod.ee, as said before, 
ere made of the same material, and are similar in shape the 
period of vibration is directly proportional to the linear 
dimension of the body or the frequency will be inversely pro- 
to it Thus a Helmholtz resonator on having its 
Znih and body doubled in diameter, will have if pitch 
lowered to half its original value. 


CHAPTER XIII 

CONCORD AND DISCORD 

178. When two notes of different frequencies are sounded 
simultaneously, some combinations produce an agreeable or 

e f[ e0t while ° th / r8 a Agreeable or unpleasant 
effect on the ear. The former is a case of concord or conson¬ 
ance, and the latter that of discord or dissonance. The 
concord and the discord mainly hinge upon the ratio of 

th ® . encie8 th ® notes °»Med the Interval. Simpler 
®J 10 * ,e -’ 8maller the integers representing the ratio toe 
smoother and more pleasing is the corresponding interval. Table 
below gives some con*ona^ intervals in the order of their 
e f e ?u‘ AS we g0 from ^“tervals standing higher up in 

tel h 6 h ° 8 ® 8fcandin g lower > ».e., from unison to a semi- 

tone, dissonance increases Bemi 

TabU 


Unison 
Octave 
Fifth 
Fourth 
Major third 
Minor third 
Major tone 
Minor tone 
Semi-tone 


1 

2 

3 

4 

5 

6 
9 

10 

16 


: 1 
1 
2 

3 

4 

5 
8 
9 
15 


ItW^^ 

^ ofTwT degr 7 0f 00D30a “ c0 0{ 

having a numbe”of harmoni^'^The^fo'ir 6 ° f °° mpl ? x note8 
devoted to the outlines of hie theory. foUowm 8 seotiona are 

Aooording H t^dmhoTt2^7hei^7°e aan h Ce “‘f D * ,,on ®°ce.— 
dissonance is the rouglWSj ba8UJ of aU 
either between the fundamentals w th ® P? 301 * 00 of beats 
Slow beats are not very disaarlaMA^k-i^ overton ®S- 
are not perceived by the ear 1 Z. n* ♦ le ra P id b«*t8 
ence of aural impression Botw e P arate due to the persist- 
exists a varying d^e of ‘ W ° 3 

we have two tuning-forks (which ’ i F ° r ox . am P le » suppose 

when struck gently) ofthe k 8aie from® m ° 8t g,Ve pure tones 

on resonance boxes If the 3 7’ 512 > “ounted 

sticking a entail quantity of wax o? a sU^ight iTonelf t 
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prongs, on sounding them together beats are heard. Upto about 
4 beats per second no unpleasant effect is noticed. On further 
loading the lower fork, interval is gradually widened till the 
beats merge into a rattle and produce a jarring effect on 
the ear. There occurs maximum dissonance, when about 32 
beats per second are produced. This number correspounds to 
about a semitone interval (16/15) between the forks. If the 
lower fork is further weighted, beats become rapid, jarring dec¬ 
reases, and ultimately it ceases at 85 beats/sec. this corres¬ 
ponds to the interval of minor third (6/5). Slowly and slowly 
as we proceed from unison to major third (5/4) a varying 
amount of dissonance is noticed, the maximum of course being 
at the interval of a semitone (16/15). It is in this way that we 
get the order of the consonant intervals mentioned in the table 
on the previous page. 

It should, however, be remembered that the result is not 
the same for all parts of the musical scale. As said above lor 
frequencies of notes in the neighbourhood of 512, the disso¬ 
nance reaches a maximum at about 32 beasts per second, tha 
is, when the notes are a semitone apart. For higher frequenc’es 
the number of beats that gives maximum dissonance increases 
though not in proportion to the frequency aDd the interval 
that gives the worst effect diminishes i.e., it becomes less than 
a semitone. Similarly, for low frequencies the worst number 
of beats is less than 32 and the worst interval greater than a 
semitone. Mayer’s table given below indicates the number ot 

beats per second when the discord is maximum and when it 
vanishes respectively. 
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But in discussing below the consonanoe of the important 
musical intervals, we shall assume that the most dissonant 
interval is not far from a semitone remembering, however, that 
there is some roughness upto an interval of a tone or more. 

We have considered above the case of combination of two 
pure tones only. But when a chord is formed from two or 
more complex notes, in addition to the beats between their 
fundamentals we have to take into account the beats arising 
from the combination of the harmonics of the various notes 
with each other. Kather a single complex note may have itself 
the elements of dissonance In this case as we go higher in the 
series, they come within beating distance of each other. It is 
why a complex note of long range of powerful harmonics will 
be more or less harsh. In those oases where harmonics fall 
m intensity as we nse in the series, we may ignore, for our 
purpose all harmonics above the sixth. We discuss below the 
consonance of some important musical intervals 


? ; ®°* Confonance of the Important Musical Intervals.- 

the d fol W Dg he C ° n8 ° nanCe ° f the various mu8ic *l intervals 
the following assumptions are made 

(1) each of the two notes has full series of harmonics 
igno^T^ ab0W the Silth are weak and *0 they are 


(3) the effeot of the combination 
consideiation. 


tones is not taken into 


the 


(a) Unison, 1 : I. 

•S^d^S 0 ^*° f , the fir8t n °te superposes over that oi 

of bite The interval Btr f D 8 thened wittou ‘ the formation 
■ Ane interval is most consonant. 

(b) Octave, 2 :1. 

First note (lower note) 1 2 * a k a 

Second note (upper note) 2 4 6 8 10 1* 

preaenrinTh e n fi^ m N° dU0e8 k "monios which are not 
eonance te perfect r0U « hne “ *• Produced. The eon- 

(C) Fifth, 3 : 2. 

First note (lower note) 2 4 6 8 10 12 

Second note (upper note) 3 8 V* U IB 18 
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Here 3rd harmonic of the second note is beating within 
the tone of 4th and 5th harmonics of the first note. The tone §, 
V* though producing some roughness is greater than the interval 
of a semitone (}§) which produces maximum roughness. So 
fifth, though not perfect is a good concord. 

( d) Fourth, 4 : 3. 

First note (lower note) 3 6 9 12 15 18 

^ \ 

Second note (upper note) 4 8 12 16 20 24 

This is clearlj' a worse case. In addition to the slightly 
dissonant intervals of f (major tone), (ff-=V minor tone), 
(if = f m»jor tone), we have the 4th harmonic of the second 
note making bad interval of a semitone (}f), with the fifth of 
the first note. 

(e) Major third, 5 : 4. 

First note (lower note) 4 8 12 16 20 24 

\ 

Second note (upper note) 5 10 15 20 26 30 

This is still worse because we have one semitone (if), and 
the other (ff) almost a semitone included within the range of 
first six harmonics. 

(/) Semitone, 16 : 15. 

First note (lower tone) 15 30 45 60 76 90 

\ \ \ \ \ \ 

Second note (upper note) 16 32 48 64 80 96 

Each harmonic of the seoond note is a semitone above the 
corresponding harmonic of the first note. Thus there are six 
semitones within our range of 6 harmonics. This produces 
the maximum dissonance effect. 

In a similar manner we can proceed to find the amount of 
discord for other intervals. 

Fig. 131 illustrates the relative amounts of discord for various 
intervals on three different Musical Scales (See Chapter XIV). 

Helmholtz obtained the above curve showing the relative 
amounts of discord for various intervals throughout the ootave. 
It is clear from this curve that the discord is greatest just 
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below the semitone ( le /is) and above the seventh ( 15 / 8 ) and least 
at the octavo and fifth (*/*). We also find that the octave and 


f(S£Vt*rH) 


SCALE K33 

*CA* FO0L 

rtMPccm 


scauuu 

JUST 
*roMn&H 




1 i 

3edr - Wr-i* £?- 

Fig. 131. 

the fifth are bounded by very steep parts of the curve. This 

W ^ y a ? ,l « ht amount of mistuning in these 
pr ® ducea ft la £ e amount of dissonance which is readily 

“ cur ^r™ Uy tW5 Rre the ea9iest fa *«" h *> * 

181. Beats caused by Difference Tones and its Effect on 
Music. In the last seotion we have shown that an exact octave 

perfect *" exact thou 8 h not 

Re pairs onZi™Z°J d ' B 7 W We 00n8ider two Stances of 
wo patra of tuning forks nearly an octave and nearly a fifth avart 

and free from overtones yet producing beats. V ™ ^ 1 

m2 mZ fT TJ * (<) 100 and 

together, their notes differ too much b^itoh^ A** SOUnded 

beat directly. Evidently the cause lie-in the* B ° ° aDn0t 

beating with the primari^ £,?!£ Si? . difference tones 

difference tone has a frequency OS^Vfa wilt °H f ° rk , 9 th ® K firSt 
per second with the note of frequenev On ‘ . beate 

second case first difference ton A fifl 100 ‘ Similarly, in the 
which gives 5 beats ^ a freque n°y 795-400=396 

These beats areac^a400. 
loudly. y m when the notes are sounded 

(2) Fork, of frequencies 400 and 60S. This is » case of 
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ro is tuned fifth. The higher note is two vibrations a second too 

!?oq !^ a ,, P f fe i fc L fifth - Here the first difference tone is 

1 here are two eecon d difference tones (598- 
19 8 ) = 4fin nnti "*00-198) = 202. The frequency of the former 
eecond difference tone agrees with the lower primary but that of 
the latter (202) makes four beats per second with the First Differ- 
cnce Tone (19S). As the Second Difference Tones are always 
very faint, beats formed in this case are verv feeble. » 

We conclude, therefore, from the above discussion that 
although in the above two cases the interval between two notes 
is more than a major third when according to Helmholtz all 
dissonance should disappear yet the appearance of beats caused 
by the difference tones in the neighbourhood of a mistuoed 
fifth or a mistuned ootavtj introduces a small element of dis¬ 
sonance in music, which is faint near the fifth and somewhat 
more perceptible near the octave. 


182. Consonance of an interval formed by two notes 
which have not both the full series of harmonica. —If both 
notes have odd harmonics, it can be seen that the consonance 
is generally better. In case one of the notes is played, say by 
the hautboy having full series of harmonics, and the other played 
by the clarinet having odd members, the results produced will 
be different. The smoothness will varv according to which of 
the notes is higher in frequency. We consider this case 
below :— 


1st Case. Clarinet above Hautboy (Interval Major th ; rd $). 

Hautboy of full series (lower note) 4 81216 20 24 

./ \ 

Clarinet of odd members (upper note) 6 16 26 .‘16 

Here there are almost two pairs of semitones. 

2nd Case- Hautboy above Clarinet (Interval £). 

Hautboy of full series (upper note) 6 10 16 20 25 30 

Clarinet of odd series (lower note) 4 12 20 28 

No clash within the six harmonics is noticed. Hence 
we conclude that in case of these two musical instruments to 
play major third (5/4), it is better to have hautboy with its 
upper note as its fundamental. 

Similarly, it can be shown that to play the fourth (4/3) with 
good effect, the clarinet should play the upper note. 
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Of course, we have proceeded above on the assumption that 
harmonics above the sixth are weak and so shown as absent. 
1 his is why we are getting such a striking difference. Otherwise 
really speaking in the aotuai working of these instruments the 
igher harmonics of these musical instruments are so strong 
that we oannot neglect them. 


183. . Effect of Combination Tones formed by the 
Harmonics- Theoretically a number of ‘combination tones’ 
are possible from the harmonics of the two notes. These, if 
powerful enough, might introduce new tones and so modify the 
conclusions arrived at previously, where no combination tones 
were taken into account. It has been noticed that the harmo¬ 
nics are themselves very weak as not to be able to generate 
combination tones except the First Difference tone. This also 
neing not very strong, does not practically affect the consonance, 
it has been, however, shown by Helmholtz that the First 
Difference tones produced in the case of full series of harmonics 

cff et nfT 8 '' a r te - The >' mi g ht “'ightly increase a beating 

aaion nf h h aame • reqU u n ° y P roduoed result of the inter 
action of harmonics themselves. If both notes have odd 

/tt* 10,183 might * ntrodu » and 

gnt slightly affeot the consonance. 


Effect of the difference 
has not been considered, 
ohanging the character of 
06 use beats. 


tones produced by the fundamentals 
They may have some effect in 
consonance, though they may not 


CHAPTER XIV 

MUSICAL SCALES 


A 

184. Musical Scale (Diatonic). —A series of notes separated 
by definite and simple musical intervals is said to constitute a 
Musical Scale. The Diatonic Scale is the most common musical 
scale. It consists of a series of eight notes the interval between 
the first and the last being an octave. The series of notes 
is denoted as : 

CDEFGABC' 
sa re ga rna pa dha ni (so)' 

All these notes are arranged in the order of increasing fre¬ 
quencies which may be represented by 

1 A 5 3 * I V 2 

or 1 1-125 1250 1*333 1 500 1667 1875 2 


if the frequency of the first note be 24, the relative 
frequencies of the other notes of the diatonic scale will be 


*24) (27) (30) (32) (36) (40) (45) (48) 



(Major (Minor (Semi (Major (Minor (Major (Semi 
tone) tone) tone) tone) tone) tone tone) 

If the frequency of the note C be taken as 264, the Scale 
will be denoted by 


264 297 330 352 396 440 495 528. 


The above scale consists of three main intervals f, V> it 
known as major tone, minor tone, and semi-tone so that the 
sequenoe of intervals in the Major Diatonic scale is major tone, 
minor tone, semi-tone, major tone, minor tone, major tone, 
semi-tone or, neglecting the difference between major and minor 
tones, tone, tone, semi-tone, tone, tone, tone, semi-tone. It 
eould be extended both above C' and below C. The names of the 
eonsonant intervals discussed in the previous chapter are derived 
from the positions of the notes in this scale. 

This scale has been in use in the West and the East for 
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many centuries, and its origin is unknown ; «. i 

mentioned above can be obtained by the sub-division of 

and it is possible that the scale might have taken its 1* f™ 8, 

i"- ,lOT - ~ h ■»»““» -K «ti “S 

.he nf,h h a e „d m the oXTarrlnTr' 8 *V* and 2 (*• Fourth, 

pitch, and named F 0 and C resne^f 111 ] ^ a 2* I,f * , * n 8 ° rc *er of 
if we take the freqnen^f the "C ^te ,^^ “ Thu “ 
represent the four notes as : Dote 48 unit y» w e can 

C F G c 

with frequenciS hi b Jhe'rttio 4 th s ee tn^l^d** & ? ,a j° r Triad - 

*X*-J. When 

scale with G as tonic 4 have the required diatonic 

^ D E p q ^ ^ 

fn^Tr" 4 °by Pl “mMninf4h ^ ‘h** 1118 above 

ntsrvala has its advantage from the JL* most consonant 

but It cannot be said^atT ^ k P r Uf '*“» of harmony, 
considerations. ,ts ri8 © from anv such 

. The student should note that • 

intervals is obtained by mSti^in mu81 ° th « of two 
them ■ and the difference them “ d not b y adding 

by dividing them. Suppose the f Wee “ them i* obtained 

a. O, D eto., P a P r e n „ th n 6 of some musical 

between B and A — B « k *’ ” 4 ’ eto ' Tbe interval 

n, ’ bet ween O and £= ’S . ho . 

and 0= "i Htm .. . ». ’ b 69n D 

V 6 the wlerTa l between D and 4 = ». ’% 


n 


i x « x 
A «* 
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The difference between the intervals between B and 

*3 

_ _ 72e 

A and that between C and jd=-=—. 

n i n* 

185 The Scientific Basis of the Diatonic Scale. -It 

was Helmholtz, as mentioned in the last chapter, 
who studied the consonance of musical intervals by 
widening the interval unison upto an octave. Graph 
drawn on page 245 illustrates the relative amounts of discord 
for various intervals within an octave. From this we find that 
at C (unison) harshness is zero. By increasing the interval 
slightly to \ we at once reach maximum harshness. For the 
interval §. it becomes less. At E it is still less ; at intervals 
represented bv F and G harshness is almost zero. These notes 
are bounded by very steep parts of the curve, and any deviation 
from the just intonation in the case of these notes will give 
us a large amount of harshness as represented by points o and 
v This is not so with any other note within an octave, and 
so musicians will never tolerate any deviation of F and G notes 
from the right frequencies. Harshness or roughness according 
to Helmholtz’s theory of consonance is a beat pbenomenoi 
occurring between two notes or between some of their nar- 
monies. For example, consider the interval | and .to three 

harmonics written below : 

Fundamental Harmonica_ 

B b7 B % 

300 600 900 1200 

a A A* 

200 400 600 800 

We find there is no beating effect anywhere, the number 

f heats between any two harmonics being 100 or more which 
of beats between y _ Iq caf}e Fs frequency is slightly 

^dtololand the true’fifth thus mistuned; writing as 

b6f0r6: B B,\ * 

304 608 \ »12 12,8 

A A t \A a ** 3 

200 400 600 800 

wo see that 5, beats with A, giving 8 beats «-hieh produce^ 
certain amount of harshness. Besides this, oombin 
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«" d-iaTorofa nro n 1h[rr,e fTom W 

day is that * «“ P~ 

ous combinations. nttod to provide hannoni- 

times' 8 ®nvf„& l^pre!'Wn*-It is some- 

measuring them in which the unit is tlledt Cen™ Th^” ° f 
cent is used because inn , ? Cenr - The name 

instruments in which twe vt eS* ‘ he SemitOTIe of ‘hose 

occurring in an octave Th® it ? are the intervals 

~ r to b ® pr ~ ^4^ 

An octave is made equal to 1200 logarithmic cents 

,200 =* log l or * »S® _ . . 


log~2" and to e *P«»® afcy inter 


above!* ” ^ "* mU ' tiply ^ '° garithm by K «• defined 


Interval 

n, 

For example, 


1200 log^i 
iog2 


mte. 


interval — 
8 


1200 log— 

6 8 

~log2 =204 oenta. 


O log 2 ~ ==zu ‘* oenta. 

‘ r ““ Jsans sx & jg 

i'OO, 1000, uoo, 1200 for 1200 *°g * A 

io^ “100; 

and 1200 log 2'^ 

- obwn . 

whaTrrou°b.^r ed “^-ion. 
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On this system the arithmetic sum of the measures of 
’ntermediate intervals shall be the measure of the resultant 
interval. To illustrate this the intervals of the Diatonic Scale 
expressed in cents are shown in the table below :— 

Interval On Diatonic Scale In Cents. 


Unison 

C 

C 

1 : 1 

Major tone 

D 

C 

9 : 8 

Major third 

E 

C 

5 : 4 

Fourth 

F 

C 

4 : 3 

Fifth 

t 

G 

C 

M 

3 : 2 

Major Sixth 

A 

C 

5 : 3 

Seventh 

B 

C 

15 : 8 


C' 

2 : 1 

Octave 

C 


0 

204 

386 

49X 

702 

S84 

1088 

1200 


For tuning j urposes it is convenient to make use of a very 
,mainnt™ afi. Hrno* mentioned. This galled Comma, and 

it is the difference between the major tone - and the minor 


tone 


. 9 . 1° _iL = l 0125 

Its vibration ratio —-—-f- ^ $(> 


is equal to 2*5 certs. This is about one-fifth par of a semitone* 
being apreximately equal to ?-y^=22 3 cents. 

-ft sssjtMta*&u T “S-.Tr:;i 

are derived is died the KeT-note o,^ Ton,^c. demand"ofThe 

. ‘-srriSSJ?™ 

tonic, and soon change its key-note to D. ibis w ouia- 

•tntervel semitone =* 111'6 eente- 
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that another scale with D as tonic is required. If this is Hone, 
we shall find that all the notes of the two scales will not be 
exactly the same, but some new notes designated as 'tharp' and 
'flat’ have to be introduced, according as the new note is higher 
or lower in pitch than the corresponding one of the Diatonic 
Scale. For example for a certain musician having C (256) as 
the tonic we have the scale as 

C D E F 0 A B. C' 

256 288 320 341 384 427 480 512 

\f A ip A A | A V A f A jj/ 

Now if he finds that this C(2o6) is too low for his voice, 
and henfeds the next note D( 288) as the tonic, then the 
modulated scale will become 

288 324 360 384 432 480 540 676 

N S A y» A A | A A f A 

If we compare the frequencies of these notes with those in 
the scale of C we find that four new notes wbioh are underlined 
have to be added, if any other note is used as the kevnote 
Home more new keys will have to be introduced. If we 
proceed in the same way to take all of the notos in the Scale 

U ioV* 2 °“°’ "V ha ? bave to “ trodu <* other new notes. 
It is found that within the compass of an octave eleven such 

l\l \^ V A t0 beadded ' that i8 ’ We 8ha11 have n inete«n note 8 in 
all including the octave. Moreover, the modern music 

oTeln 8 5“® \ ddlt,0 , nal ,''•accidental” notes, a semitone above 
r below the notes of the diatonio scale and it should be 

possible to treat any of these aooidentals as the tonic of the 

diatomc scale. This would mean the addition of still more 

aD °® tav , e - In instruments such as violin and sitar 
which have no fixed keys, this causes no difficulty as the pitch 
«>f each note is determined by the performer In P . 

such as painoforte and harmonium which have fixed kevtTThe 

“7rr ii. r 
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the scale thus derived, is styled as a Tempered Scale. 

Let us now discuss the two kinds of temperaments {») Mean 
tone temperament and (it) Equal tone temperament. 

183. Mean-Tone Temperament- —This temperament re¬ 
ceives its name from the fact that for the majority of notes, geo¬ 
metric mean of the major and the minor tones (-v/fxV-”V 4 =193 
cents) is taken as the interval between successive notes. In 
this system, the major thirds are kept pure, and the note which 
lies between the notes of each major third is put half way 
between them. 

f ‘ "1 f 1 

0 193 336 503 697 890 1083 1200 cents 

c d e f g a be' 

'VI A V5 A * A Vi A Vi A Vi A * / 

t t 

l_J 

For example in the key c, each of the thirds c—«,/— a, g—b 
is adjusted to have frequency ratio 4 : 5. d, g and a are put half 
way between them respectively, so that each interval 
c—d, d—e, /— g, g-a, and o—6=mean tone= v '| * V =V*- 
Again intervals e—f and 6— c' are made equal and of suoh size 
as to fill up an octave 
t.e., 

or or *-1-07 

‘ g ’ on this temperament is flattened by quarter of a comma; 
•.e. by ^ =6*3 cents approx. This flattened fifth is the 

basis of the Mean tone System. 

Thus the mean tone temperament makes e-d, J—g, and 
o — 6 half a comma too small, d—e and g—a half a comma too 
large and *• —/ and 6-c' quarter of a comma (about 5 cents) too 
large’ (refer to Fig. 131]. In this system we have two intervals 
/& an( ] T=z \ oi of different sizes which mainly play the sane- 
part as the 3 intervals *. V »nd [f of different sizes in the 
just diatonic scale. Hence the number of additional note^ 
when the tonic is changed in this scale is less. In this respect 
it is superior to the diatonic scale but the modulated notes i 
no way improve the consonance. The total number of notes 
eluding the additional ones being still quite large it is almost 
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in disuse. The Equal Temperament scale nowadays universally 
adopted is described in the following section. 


189. Equal Tone Temperament. —We saw in Art. 187 
that eleven new notes have to be introduced in order to be able 
to use any of the notes in the scale of C as tonics. On calculating 
the frequencies of these notes we find that they occur in 6 
groups, thtee notes between C and Z), one between D and E , 
one between E and F, two between F and G, one between G 
and E and three between A and B. The frequency of the 
new note between E and F is so dose to E that it may be 
neglected and each of the remaining five groups may be 
replaced by a single intermediate note thus giving up only five 
new notes. On account of the position which they occupy in 
the diatonic scale, they are oalled C sharp, D sharp, F sharp, 
G sharp and A sharp. The addition of these five new notes 
gives us twelve notes in all, excluding the octave and enables 
the singer to play with any of the notes in the soale of C as 
tonic. This led to the division of the octave into twelve intervals. 
But even this compromise does not enable the singer to use any 
new no ^ e8as the key note. In order to overcome such 
difficulties the octave is divided into twelve equal intervals 
called Equal Temperament Semitones and the scale is known as 
Equally Tempered Scale. This is one that is now in general use. 

bince the equal temperament semitone is such that it gives 
an octave when added to itaelf twelve times, it follows that if 
t denotes the ratio whioh measures the interval 


x lt —2 ».e. t 
The ratios of the series 
scale are given belowf 


z*=2 1 ^ = 1 0595 

of notes in the equal temperament 


1 

1 


e+ 

2* 

1059 


d 

2* 

1*122 


/ 

2 * 


/-1- 
i\ 


v ^ 

2 * 


a-+- 

2 18 2" 2 1 * 2* * 2-- 2“ 
1*189 1*260 1*335 1 414 1498 i *5H7 

n a 4- 6 c 

2 I#< 2*3 ‘ 

c+ d 4- / i /, I j , 1,682 1*782 1*888 

a-f- represcpt the five additional notes. 

• Tbi. interval _ 1(K> ^ 


l°g2 

T 4 o + 9 ia read aa o sharp. 
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The ratios of the chief notes of the tempered scale are 

cdefgabc' 

1 1 122 1-260 1-335 1 496 1-682 iSSH 2 

Neglecting the difference between major and minor tones, tem¬ 
pered diatonic scale is of the sequence, tone, tone, semitone, 
tone, tone, tone, semitone as in the just diatonic scale but the 
tones are all equal and exactly twice the semitone. 

The ratios of the notes of the just diatonic scale are 

1 1 125 1*250 1-333 1-500 1-667 1*875 2 


If we compare these ratios with the tempered scale ratios 
we see that none of them differs bv as much as 1%, the fourth 
and the fifth are within £%. [For dissonance of the intervals 
in this scale refer to Fig. 131-1 


At the present time in all instruments in common use there 
are twelve equal intervals in an ootave. 

A single note between c and d is used both for c ‘sharp or 
d * fiat ’ 

(c #) (d b) 


Eight white keys on the harmonium give a scale not much 
different from the diatonio scale, while 5 black keys are added 
which give notes dividing the interval of a tone into two 
semitones, differing a little from the true diatonic semitones. 
All the keys together form an equally tempered scale. Begin 
ning with c, we play on the approximate diatonio scale ; and 
the black keys are not used at all. Starting with any other key. 


c+c/+ y* <t * c * d* 



Fig. 132- Reed* of the Harmonium. 

black keys have to be used. The question of introducing addi¬ 
tional notes for changing over to any note as a tome does not 
arise here. Of course all the notes on this scale are made 
equally bad, instead of having some better or worse as in the 
case of mean-tone-temperament (see curve big. 131). 10 
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spite of this fact, "It should be observed,” as Prof. Poynting 
and Sir J .J. Thomson justly remarked, “that compromise or 
temperament is not a question of merely instrument and me¬ 
chanism but is a necessity in music from incommensurability 
of different intervals”. While Mr. Donkin says, “The whole 
structure of modern music is founded on the possibility of 
educating the ear not merely to tolerate or ignore, but in some 
degree to take pleasure in slight deviations from the perfection 
of the diatonic scale. 


CHAPTER XV 

MUSICAL INSTRUMENTS 

189a. Musical instruments ‘ —In this chapter we propose 
to give a brief account of a few typical musical instruments of 
common use both in the East and the West merely with a 
view to illustrate points of definite scientific interest developed 
in the Text rather than a musical stand-point. They are divid¬ 
ed into three main classes : (1) Stringed instruments (2) Wind 
instruments and (3) Percussion instruments. For a detailed ‘ 
study of their design and construction the interested reader is 
advised to read ‘Specialized Treatises’. It is herein we find 
that the practical achievements have more often preceded the 
theoretical treatment. 

189b- The Stringed Instruments They all depend for 
the production of the musical notes on the transverse vibrations 
of strings and the laws of vibrating strings already formulated 
are applied consistently in their construction. The vibrations 
are produced in the strings by (i) striking such as in the Piano¬ 
forte (it) plucking such as in the Sitar, the Veena eto., and (m) 
bowing, such as in the Violin and Sarangi and other 
allied instruments. 

189c. The Pianoforte- —It is an instrument of the key 
board type like the Harmonium. The strings are thin steel 
wires stretched on a metal frame with a sound box of large 
surface to reinforce the vibrations. In order to secure sufficient 
loudness each note has one to three strings whose pitches can be 
altered by changing their mass, length or tension. The bass 
strings are thicker made so by a covering of fine wire wound 
specially around them without impairing their flexibility and are 
several feet long while those at the treble end are thinner and 
only two or three inches long. The strings are made longer and 
heavier in the bass in order to equalise the tension. In a piano¬ 
forte there are about 7 octaves and it could not be possible to 
have such a wide range of frequencies by merely changing the^ 
tensions of strings of equal lengths. The instrument is played 
with both hands and the vibrations are excited by hammer* 
covered with felt and actuated by levers from the piano keys 
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the object of the felt being to reduce the suddenness of the 
impact. 

As harmonics above the sixth are considered undesirable in 
a pianoforte string, they are suppressed by so adjusting the 
hammers as to give blows at points from one-seventh to one- 
ninth the length of the string from the end. No barmonio 

would therefore be produced that requires a node at the point 
struck. 

Experimental work by Helmholtz and others indicates that 
the shape and the hardness of the hammer also affects the 
quality of the note. Blow with a hard hammer striking at a 
single point would encourage the formation of long and too 
obstrusive series of harmonics, consequently hammers with 
rounded end are used for bass strings and narrower ones for 
the treble to compensate for quality differences. In the . 
designing of pianoforte, however, the technical experience of the 
instrument makers and the musicians through a long period 
counts for so much. 6 F 


^ 1 * ar ~ Th ® Sllar and the Veena are P^yed by the 
hand and the strings are plucked either by the finger nail or by 

he apex of a conical wire frame known as plectrum and 



is* \a). 

worn on the first finger. Fig. 132 (a) shows a sketch of the Sitar 

mounted 8 on^ t!"” 89 ,° f «°PP® jnd steel of different diameterf 
m untea on a semi-cylmdncal finger board about ^ ft 

ThJstrings are tied 6 / D * b ? he ““* 8 P heri <»l resonanoe’ box 8 

? g ® ? tled at one end t0 three nails on the side of th. 

hem -spherical resonator and passing over an ivory bridge 
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the strings to different notes by altering the stretching force. 
The player plays on the strings mainly by the three fingers of the 
right hand and the notes other than those to which the strings 
are tuned are obtained by pressing them down at appropriate 
lengths by the fingers of the left hand against the adjustable 
curved metal rods called ‘Frets’ which number about 19 and cross 
the finger board. For instance if the string is pressed in the 
middle, it produces its octave and by pressing it at one fourth, 
it produces a double octave and so on. 

Besides the seven main strings, there are stretched under¬ 
neath them fine metallic wires generally eleven in number tuned 
to different frequencies by adjusting their lengths by means of, 
tightening pegs also fixed on the side of the finger board. They 
are not plucked but are set in forced vibrations thus increasing 
the intensity of sound. They are called ‘tarban 

The Veena is built on the same principle as the Si tar and 
differs from it in having two resonance boxes one on either end 
of the finger board. It also has seven main strings of the same 
length but much stouter and thicker. The number of five 
resonating wires called ‘ tarban' is more than eleven to have still 
greater intensity of sound. The tone is not feeble as in sitar 
and blends well with other instruments. 

The Tanpura has four strings of equal length with no ‘frets*. 
It is used with vocal music to mark the rhythm and to give a 
greater resonance effect. The wires are tuned to different; 
frequencies and are plucked with two fingers of the right hand. 

The Quitar has six strings and is otherwise just a Sitar. It is 
plucked by the thumb and the fingers of the right hand. 

It may be noted that in all these instruments, the thumb or 
the fingers of the right hand or both are the exciters, the strings 
the vibrators, the sound box the resonator, while the fingers 
of the left hand and the frets form the manipulative arrange¬ 
ment for the production of the scale. 

189e. The Harp — In the Harp the strings are of fixed 
lengths and there is a separate string for every note of the 
musical scale. In order to play the instrument in different keys 
the strings can be shortened or lengthened by a small fraotion to 
raise or lower the fundamental by a tone or a semitone at th<T 
option of the player by means of pedals. The strings are 
plucked by the thumb and the fingers of both bands as in a 
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pianoforte. The octaves are produced on the longer strings of the 
harp by touching in the middle with the fleshy part of the palm 
of the hand. The sound board is smaller than that of a piano¬ 
forte and the higher tones are generally weaker. The note is 
therefore soft and dull mingling extremely well with the horns, 
the trombones and the brass instruments. 

Mandolin and Banjo belong to the family of the Harp. 


189f. The Violin. —The most important of the family of 
instruments in which the strings are bowed are the Violin and 
Sarangi. The Violin has generally four strings of the ~ 

same length made of catgut or steel of different jail 

diameters mounted on a special type of sound 
box which acts as a resonator Fig. 132 (6). At of 

the upper ends the strings an fastened to the m 

tightening pegs which enable the player to tune 
the strings by altering the stretching force. f | 

The strings are tuned to the notes g, d 1 , a 1 , e 8 [ /II \ B 
making fifth between each consecutive pair ] jWf £ M 
that is, the thin string produces a note of f times # 

the frequency of the note produced by the neigh- JRff\ | a 
bouring thicker string. In playing the pVT 
instrument, the notes intermediate to those to / |L ? If 
which the strings are tuned, are obtained by l Y] / 11 
pressing them against the finger board with the \ JJ *Jy 
fingers of the left hand at various places and, ^ 

when necessary, the harmonics are produced by Fi 8- 132 
bowing and damping them at correct places as in a piano. 

The finger board is smooth and without frets which are 
fixed in the Sitar and Veena at points to whioh the strings 
are to be shortened for various notes of the scale. Note the 
absence of frets on the finger board makes it difficult for the 
beginner to play but in the hands of a skilful oerformer it 
permits the use of the grace, that is, the gliding of a note conti 
nuously from one pitch to another. g 

The Action of the Bow— The bow with its rosined hairs is 
of th 6 e , X01tCr- - 11 producea a sustained sound and the 

. xm as war*a»as-a 
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static friction, when it slips past the bow and returns with a 
uniform velocity as shown by Helmholtz’s experiment described 
in Art. 54 (a). When it reaches the end of the swing, it comes 
to rest relative to the bow, another part of the bow grips it and 
draws it aside and so on. Tnat it moves exactly with the bow 
has been demonstrated by Sir C. V. Raman and others. On 
account of the difference in static end dynamic friction more 
work is done on the string by the bow during its displacement 
than is done by the string on the bow during the subsequent 
slip and accounts for the energy emitted as sound and used in 
overcoming frictional losses. The intermittent dragging action 
of the bow serves to maintain the natural vibrations of the 
strings in the short intervening periods. Although the energy 
for maintenance comes from the bow, the note is determined 
by the string. 

The motion of a bowed string is very complex and the 
vibrations are not at all simple harmonic vibrations. Applying 
Fourier’s Theorem to the vibration curve of a point on a violin 
string shown in Fig. 45, we find that it requires a large number 
of the series to express it and the note of violin therefore 
consists of a large number of harmonics irrespective of the 
position of the point that is bowed. The quality of the 
resulting note, however, is not determined by the motion of the 
string alone for the sound received by the ear does not come 
chiefly from the string direct. The belly, the sides and the 
back of the sound box and the air inside it all pulsate in 
response and modify the tonal quality. The distinctive 
character of the note of a violin according to Helmholtz, is due 
to the strength of 6th to 8th harmonics as compared to those 
of other instruments. 

189g. The Wind instruments.— They are classified into 
two groups (») Flutes t'.e., pipes without reeds, ( ii ) Reed 
instruments (a) with pipes such as Clarinet, Bassoon etc. 
( b) without pipes such as the Harmonium. 

189h. The flute .-It is a modified form of the open 
organ pipe comprising the orchestral flute pipe and that 
smallest high pitched piccolo. In all these instruments we 
have a cylindrical pipe open at one end and pierced with a hole 
near the other end, across which the player sends a blast of 
air from his lips and so produces the sound, the vibrations being 
set up in the same way as in the flue pipes of an organ. 
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In the simplest type for the production of the various notes 
of the scale, six holes are drilled along the side of the tube to 
be covered by the ilngres. But generally the number of holes 
is large. They are covered by padded keys which are pressed 
down w ; th fingers. When all the holes are closed and the 
performer blows into the tube gently, the lowest note corres¬ 
ponding to the full length of the pipe is produced. Both ends 
are antinodes and the middle point is a node. If the holes were 
as large as the bore of the tube, the pressing down of the key 
over any one of the holes would reduce the length of the pipe 
to that between the mouth hole and this hole and thereby the 
pitch is raised. 

The distances of the holes from the mouth hole are inversely 
proportional to the frequencies of the diatonic scale. When 
the holes are small they can be easily covered by fingers but 
the notes emitted are weak and it is for this reason that in 
modern flutes the L holes are covered with keys and therefore 
can be made larger. 


The action of a flute is like a Helmholtz resonater whose pitoh 
can be raised by enlarging the opening. So in a flute the size 
and the position of the hole both matter in altering the 
pitch. It is why the holes may within limits be made in any 
position convenient for the fingers. Any deviations from the 
correct pitches can be set right by adjusting the size of the 
hole. 


The compass of a flute extends over three octaves. The 
three notes d l t d*, d 3 are indicated as open notes. They are the 
fundamental, its octave and doublo octave respectively and are 
obtained with only slight modifications of fingering. The full 
chromatic scale may be regarded to be built upon three of the 
tones natural to the whole tube or parts of it. For producing 
say d 2 , we have the same length of the tube as for d l t but .the 
octave or the second natural tone is now produced instead of 
the fundamental. The utterance of this higher note ia favoured 
by opening the first hole of the six (that nearest the mouth 
hole) whereas for the fundamental all the six holes are closed. 

No adequate theory of the use of the holes and the resulting 
notes can be given. ° 


The Clarinet-—It is a reed instrument with a single 
cane reed beating on a rectangular opening in the side of the 
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month piece and a cylindrical pipe with a small bell mouth. 
The reed end as already explained in Art. 164 acts as a closed 
end, the tones possible to the instrument form the odd harmonic 
series. By overblowing we produce a twelfth above the 
fundamental and not the octave as in a flute. To bridge this 
large gap a sufficient number of holes and keys are provided 
in the sides of the tube. The characteristic quality of the 
note produced is due to the weakening or extinction of the 
evenly numbered harmonics. It has been shown that some 
of the even harmonics are feebly present as the air blast contains 
the whole series. The reed and the air column in forming the 
vibrating system give a note whose pitch almost entirely depends 
upon the lengtli of the column and considerably lower than 
that proper to the reed for the latter on account of its small 
mass is constrained to vibrate with the pitch proper to the 
air column. 

There are many clarinets in use similar to each other but 
of different pitches. The Sexaphont belongs to this family 
and differs in having a conical tube and therefore a full series 
of harmonic overtones. 

1891. The Hautboy and the Bassoon —Both have double 
cane reeds and conical tubes terminated bv bells. The Bassoon 
from the scientific point of view is a bass Hautboy. The cane 
reeds arc slightly curved and bound together with their concave 
faces towards each other so that between their edges there is a 
narrow aperture. When the player blows into the mouth, this 
narrow aperture is alternately opened and closed thus admitting 
puffs of air into the tube which serve as the exciter. The 
leeds vibrate transversely as well as longitudinally. The pitch 
is, however, settled by the length and the shape of the tube. 
On account of their conical bores they give the full harmonic 
series of overtunes and therefore the arrangement of the holes 
and the kevs are like a flute. 

The quality of the note obtained from the Hautboy is some 
what penetrating consisting as it does of an extended retinue 
of harmonics. 

The Bassoon has a much greater length of the tube and is 
for convenience, doubled on itself. The reed is fitted on a tube 
fixed side ways and the holes are bored obliquely so that their 
outer ends are close together to suit the fingering and their 
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inner enda are sufficiently wide apart to produce the required 
pitches. 

The Hautboy and the Bassoon are therefore essentially 
similar, the changes in form of the Bassoon are merely to adapt 
it to the convenience of the performer. 

189k. The Harmonium- —It is a wind instrument of the 
key board type like the piano but in this the air is set into 
vibrations by means of thin oblong metal reeds each one of 



rig. id* lC ) 
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which is tuned to its appropriate pitch. A reed is fastened at 
one end to a block in which there is a hole behind the reed of 
the same shape but slightly bigger in size so that the reed can 
vibrate freely. 

Fig. 132 <e) shows the key board of a harmonium. 
The series of notes provided in it is on the equally tempered 
•tempered scale m., 13 notes in an octave each a semitone apart. 
The major notes of the diatonic scale sa, re, ga, ma pa dha 
m sa are indicated by the white keys and the five additional 
notea in each octave re flat, ga flat, eto., by black keys. In al 

there are generally three and a half octaves with about 41 reeds 
each one of which is controlled by a key. 

When the wind is forced from the bellows through the 
aperture underneath a reed and a key is pressed down thna 

into^vih r® pa8 ^ ge a 0r the air . the blasts air sets the reed 
fth^r and l pro , du . ces a fair| y Io «d sound. The quality 

assvSJSr? : i 

modifies 8 tlT quality ° f Pip ° 3 W f h ° Se re80nance 

overtones in ths vibraUono reeda ItZZ & noQ - harmo “ i0 
it has come into disuse as ^onent Sf the ^ 
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1891. The Brass Instruments- —There is a great variety of 
brass instruments which form the essential accompaniments of 
bands such as the bugle, the trombone and the horn. We 
8 hall only describe briefly the several features common to all. 

The tube is quasi-conical or hyperbolical in shape with a bell 
mouth at the bigger end and a cup-shaped mouth piece at the 
narrow end to which the player's lips are applied. The lips 
constituting a double membranous reed are alternately open 
and closed and along with the air column form a vibrating 
system. Which of the notes natural to the instrument will be 
produced is settled by the adjustment of the lips to the mouth 
piece, the tension of the lips and the pressure of the air used. 
But the exact pitch of the note depends chiefly upon the tube 
and the temperature of the air in it at the moment. The shape is 
so designed by the makers as to approximate closely to full series 
of harmonic tones. But the closeness of that approximation 
differs in different types of instruments. The intensity or 
feebleness of a tone will depend upon whether the tones natural 
to the instrument are very closely in tune or out of tune with 
the corresponding tones of the harmonic series and this affects 
the quality of the note. 

Much, therefore depends upon the diameter of the tube, 
its leDgth, the proportions of the bell and the shape of the mouth¬ 
piece itself. If the diameter of the tube and bell are small in 
comparison with the length as in the Trumpet and the 
Trombone , the higher tones natural to the instrument are 
brought into prominence. . Such instruments therefore, give 
a large number of harmonics and a brilliant tone. The shallow 
cupshaped mouth-pieces are also helpful. \\ ith deeper mouth¬ 
pieces and either much wider tubing or larger bell as in 
Euphonium and French horn respectively we have the higher 
tones less prominent and a softer quality results. 

There are various mechanisms for providing the scale in 
some of the brass instruments such as by the use of holes, 
slides and valves, the details of which concern the designer. 

189m. Percussion Instruments.—The drums, the kettle¬ 
drum and the Indian Tabla belong to this class of instruments. 
They are all practical illustrations of the uses of stretched 
membranes in music already discussed in Art. 175 which the 
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students are advised to read before proceeding further. The 
tension is applied to the membrane by the stretching frame 
whioh consists of a number of strings tied to the circumference 
of the membrane. The notes are produced either by hammers 
as in drums and kettle-drum or by hands as in Tabla. In 
Tabla it is usual to have two drums tuned to the fundamental and 
its fifth. Like all peicussion instrument® it is used as a rhythm 
marker. 



CHAPTER XVI 

ACOUSTICAL MEASUREMENTS 

190. Determination of Velocity of Sound in open Air.— 

The earlier experiments for the determination of the velocity of 
sound iu open air were performed by the direct method of 
observing the time interval between the seeiDg of the flash of 
light due to the firing of a distant gun and the arrival of sound. 
This method is simple, but liable to a number of errors : — 

(1) Effect of Wind —The velocity of sound is affected by 
wind. When the wind is blowing the velocity relatively to the 
ground is not the same as its rate of propagation through still 
air. The wind may be blowing in the direction of sound pro¬ 
pagation or against it. In the former case it assists the sound 
velocity while in the latter ease it chokes it. This effect of 
wind may be eliminated bv taking observations from either of 
the two distant stations. This is the method of‘reciprocal 
firing*. In this case one observer fires a gun and another at 
the distant station measures the time interval referred to above. 
Afterwards the second observer fires a gun and the first observes 
the time interval. Mean of these two values gives the correct 
time interval. Velocity is then calculated by dividing the 
distance between the observers by the mean time interval. In 
case the line joining the observers is oblique to the direction of 
wind, calculations are not simple, but when the velocity of the 
wind is not very great, mean value of velocity of sound obtained 
by the above method almost approaches the correct value. 

(2) Temperature and Humidity of the Air- —Corrections 
due to these have been discussed in Chapter V, and should be 
applied as stated therein. 

(3) Personal Equation —It is not possible to record the 
time at the exact moment when the flash is seen or the sound 
is heard and hence some error always creeps in.' Again, for the 
same observer the error for events of different classes is different 
i.e., the visual impression of the flash of firing and the aural 
impression made by the report of the gun take different times 
to react upon the observer. If errors, causing delay in the two 
cases would have been the same, the time interval would have 
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been correct, and also it would have been independent of the 
observer. But this error known a3 ‘personal equation’ is 
different with different persons and also changes with different 
classes of events. 

Regnault in 1864 tried to eliminate the ‘personal equation 
error’ of au observer by making an automatic record of the flash 
and the arrival of the sound. The gun shot broke an electrical 
oircuit stretching across the muzzle of the gun, and caused a 
mark on the revolving drum of a chronograph. At the receiving 
station, the waves pressed a stretched membrane forward 
which broke a second electrical circuit producing another mark 
upon the drum of the same chronograph. The interval between 
the two marks on the drum which gives the time taken by the 
sound to travel the distance from the gun to the membrane 
can be calculated provided the speed of rotation of the drum is 
known. This did not completely eliminate the ‘personal 
equation’ as the membrane also had some ‘personal equation’ ; 
this, however, would be constant, and its value could be found. 
Regnault observed that velooity of sound in still air at 0°C. was 
equal to 332 metres per second. A feeble sound was found to 
travel slower and a loud sound faster. He also observed that as 
the distance increased and the sound grew weaker, the velooity 
reached a limiting value of 330 6 metres/sec. The experiments 
with pipes showed that the velooity was still less. This is 
mainly due to the friotion between the air and the pipe as 
some of the sound energy is converted into heat. The 
narrower the pipe, the greater is the reduction. According to 
theoretical investigations of Helmholtz and Kirohhoff, 

r, ~ rpOC dV^ 

N in open air and F, is the velocity of the same sound in a pipe 
of diameter d. For wider pipes of diameter about a metre, 
the velocity is the same as in the open air. * 

The velocity of sound in air does not depend upon the kind 
of sound, nor upon its frequency. When a band is playing at 
a considerable distance, the harmony of the musio is not dis¬ 
turbed. If velooity varied with tho frequency, muaio as we 
know it would be impossible, for the different notes of a chord 
would not reach a distant ear in the same sequence in whioh 
they are emitted. If, however, the sound is very intense, as in 


, where F« is the velocity of sonnd of frequency 
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the neighbourhood of an explosion Regnualt observed that it 
travelled with an abnormally high velocity. 

191. Modern Outfit for the Determination of Velocity of 
Sound in open Air.— Two microphone* (Fig. 133) J/, and M 2 
about 8 killometres apart, are separately connected to two 
separate primary coils, P x and P 2 through separate batteries 
B x and B z . The two primary coils are surrounded by a single 
secondary coil S connected to a sensitive mirror galvanometer. 
When the gun is fired a slight change in the current in the micro¬ 
phone M x takes place, which in turn induces a current in S and 



Fig. 133. 

a ray of light reflected from the mirror M of the galvanometer 
is deflected across a photographic film wrapped round a revolv¬ 
ing drum D which is rotated at constant speed. The film also 
receives time signals from a standard tuning-fork. On the 
arrival of the sound at the second microphone M 2 , again an 
induced current is produced in S and the ray of light is deflected 
once more. The interval between two deflections being read 
accurately from the film, the velocity of sound in air is calcu¬ 
lated. 
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192. Velocity of Sound in Water. -The velocity of Bound 
in water is more than four times its velocity in air. It was hrst 
accurately determined by Colladon and Sturm in 1823 in the 
water of Lake Geneva. Two boats were moored on the lake at 
a distance of about 9 milts. At one boat a bell B below the sur¬ 
face of water served as a source of sound. The moment the bell 
was struck, a flash of light was produced by the gun-powder B. 
The arrival of the sound was detected by a large ear trumpet 1 
immersed in water, the small end E of which was in the ear ox 
the observer on the oth*r boat. The time interval was about 
9 seconds and the velocity of sound in water was calculated to 
be 1435 metres/sec. at 8 i°C. Threlfall and Adair showed that 
the velocity of sound in water increased with the intensity ot 



Fig. 134. 

sound. For a loud sound the velocity was about 35% greater 
than that for a feeble sound. Experiments to determine the 
velocity of sound in water were also performed by Regnault in 
water pipes. His methods resembled those used in air pipes. As 
the pipe decreased in diameter, velocity of sound in water also 
decreased correspondingly. For wider pipes of about 1 metre 
diameter, or more the walls of the pipes ceased to exist as it 
were, and the velocity remained unaffected. 

193. Velocity of Sound in a Gas by Seebeck’s Tube.—As 
already described in the chapter on Interference, (Art. 73), the 
points of silence are observed with the given gas inside the 
Seebeck’s tube. 

For the first minimum BC=-^- or 7\=4.BG : note that 

4 

the length is to he measured from the point C whioh is the 
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oontre of the side tube L (Fig. 57). No correction for the open 
end is to be considered and so F=?»A «=4 n.BC. 

. This method has the advantage that a small volume of gas 
is used, and so its temperature and degree of humidity can be 
accurately determined. 

For finding the velocity of sound in a heavier gas, say C0 2 
the tube is kept vertical with the open end A upwards. If the 
gas is lighter (hydrogen or coal gas), the end A should be down¬ 
wards. 

194. Measurement of Velocity of Sound by Organ Pipes- 

For this purpose organ pipes of adjustable length are needed. 
Such a pipe is tuned to a fork of known frequency. This can 
be easily done by the observation of beats. Having done this ; 
the length of the pipe is noted. The pipe is then increased in 
length till it gives the same note in the next higher mode of 
vibration. The length of the pipe is again noted. The difference 
between the two lengths is A/2. Finding A in this way and 
knowing n, the frequency of the fork, velocity of sound in air 
can be calculated. 

195.. Hebb’s Laboratory Method of finding the Velocity of 

Sound in Air (1905).—A whistle of known frequency n was 



blown steadily at the focus of a parabolic mirror M x made of 
plaster of Paris, 5 ft. in aperture and 15" in focal length. A 
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microphone T x was placed near it. Sound waves after reflection 
from it travelled parallel to its axis and after reflection at a 
second parabolic mirror were received by a second microphone 
T 2 placed at its focus. T x and T % were connected in electrical 
circuits as shown in the figure. P x and P 2 were the primaries of 
a special induction coil. S is its secondary to which is connected 
a telephone receiver R. When the whistle is blown, alternating 
currents are generated in both the primaries but with a phase 
difference depending upon the distance between the microphones 
T x and T 2 . For example, a compression produced at T x gives 
an inward displacement to its diaphragm and produces an alter¬ 
nating current in P x in a particular pha9e. Suppose the 
distance between T x and T 2 is such that there is reaching a 
rarefaction at the second microphone T 2 > this will move the 
diaphragm outwards and produce an alternating current in P t 
in the opposite phase. The resultant current produced in 
the receiver R connected to the secondary surrounding the 
primaries P x and P 2 , will be zero and no sound will be heard in 
the telephone. Now shift the microphone T 2 along with the 


mirror to the left such that distance T X T 2 increases by —. That 

S 


would mean that when a compression is received at T Xi there 
would also arrive a compression at T % making both the dia¬ 
phragms move inwards simultaneously, and thus send currents 
in the primaries in the same phase. Then the telephone will 


produce maximum sound. 


On shifting T 2 by ~ 

Si 


again, no 


sound will be heard as the displacements of the diaphragms will 
be in opposite phase. Thus the distance between two successive 
maxima or minima is one wavelength. To have the minima as 
sharp as possible the effects of the two microphones were 
adjusted to equality by resistances and r a in their respective 
circuits. Having measured the wavelength aoourately, the 
velocity is calculated by the formula F=nA. This method is 
free from all objections to long-distance methods stated above, 
such as errors due to wind, temperature, humidity difference of 
speed at the source due to very intense sounds, and 'personal 
equation* of an observer or of a recording device. 


Kundt’s Tube and Dust Figures.—The earlier form of 
the Kundt s apparatus was a single glass tube A about 5 cm, in 
diameter and 2 metres long forming what is called a 'wave tube’ 



274 


A TEXTBOOK OF SOUND 


with an adjustable piston P at one end. The other end is 
closed by a cap through which passes a wooden rod BD called 
the sounding rod clamped in the middle at C. The end D is 
provided with a circular disc, a little smaller than the bore 
of the tube which must be supported so that its axis and that 



Fig. 136. 


of the rod are in the same line. Lycopodium powder or fine 
dust is spread along the dried tube. The free end of the rod is 
rubbed with a piece of wet flannel to set it into longitudinal 
vibrations. The ends B and D of the rod will thus be antinodes 

and the middle point, a node, i f. length of the rod. /,= —. 

2 

or Ar = 2/ r 

where A r is the wavelength in the rod. 

The disc communicates its vibrations to the air contained in the 
tube. By changing the position of the adjustable piston the air 
column is set into stationary vibrations. If the vibrations of 
the rod are maintained for a short time the powder gathers in 
small heaps at nodes. The distance between any two consecutive 

heaps, l a — where A„ is the wavelength of the note in the 

air. Thus the wavelength A„ is determined. If n is the fre¬ 
quency of the note produced by the rod, v r and u a are the velo¬ 
cities of sound in the rod and the air respectively, 

then u r =n'K, ... ... (|) 

and u a = n A a ••• ... (2) 

From equations (1) and (2), it is clear that if n, the frequ¬ 
ency of the note is known, the absolute velocity of sound in a rod 
or in air or a gas can be calculated. But we do not generally 
use the Kundt’s apparatus for this purpose, because the glass 
rod gives a note of such a high pitch that its frequency is not 
easily determined with great accuracy. Hence the apparatus is 
mostly used for comparing the velocities in the material of the 
rod and the air or in different gases 
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Now dividing (1) by (2), we get 

2xleugth of rod 

ha 


«r 

«* 


2 x diat. between any two consecutive heaps 

length of the rod (J r ) 


_____________... (3) 

— Dist. between any two consecutive heaps ( l „) 

if u a is given, u T the velocity of sound in the rod can be calculat¬ 
ed. 

When the tube is filled with any other gas (say CO s ) we 
have as before for the velocity of sound in the gas 

Ug — Tlhg ••• ^ ”*(^) 

where h g is twice the distance between two consecutive heaps 

Dividing (4) by (2), we have 


Va 


ha 


%U± 

'2la~ls 




Thus the velocity of sound in different gases can be compared. 
If u a is known, absolute value' of u t , the velocity of sound in 
C0 2 can be determined. The following precautions must be 
observed to obtain good results :— 


(1) Clean the wave tube with a piece of cotton wool and 
dry it thoroughly. 

(2) A strip of dry lycopodium powder about 2 mm. wide 
should be used to cover the entire length of the tube. 

(3) Rod should be clamped exactly at the centre. 

(4) The disc should fit the wave tube as perfectly as possi¬ 
ble without touohing tbe tube. * 

A better way of obtaining dust figures is firstly to strike it 
gently to bring all the lycopodium into a line along the bottom 
of the tube. Then rotate the tube about its axis till the lycopo¬ 
dium is just on the point of slippjpg down. Under these circum¬ 
stances when the air column is set into stationary vibrations 
the dust will fall to the bottom of the tube everywhere except at 
the nodes. The distance between the consecutive heaps at the 
bottom or the distance between the centres of the clear Bpaces 
near the sides from where the powder fell, could be accurately 
determined. The objection to single wave tube apparatus is that 
it is not certain whether the pitoh of the note in the oase of two 
gases introduced in the tube o nS after the other is the same 
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as a slight change in the temperature will alter the pitch of 
the rod appreciably. Moreover, it is not easy enough to work 

rhe h litL f 0r ga fTr att j e . Sametemperature - For ‘his reason 
the later form of Kundt s apparatus with two tubes shown in 

*i g . 137 is more commonly employed for comparing the velocity 
oi sound in different gases accurately. J 


197. Kundt s Apparatus with two lubes.-4 and B are 

two glass tubes ot the same cross-section fitted with adjustable 
pistons Pj and P 2 . The sounding rod D l D 2 is adjusted with 
its ends inside the tubes. It is clamped at E x and E 3 one quar- 


<T 


/V WAVS rp£( SO UX&NG #OD r*0£ 

g ■ ■ / t 7 1 ft. '*1 


B 


Fig. 137. 


ter of its length from the ends so that D x , D 2 act as antinodes. 
E v E 2 being fixed act as nodes, and C the middle point acts as 
anti-node. In other words when rubbed lengthwise, A r is equal to 
the length of the rod (l r ). Discs D x and D« communicate the vib¬ 
rations to the air and the gas contained in the tubes A and B 
respectively, which are set into a state of stationary vibration. 
Proceeding in a way similar to that adopted in case of a single 
tube, we measure the wavelengths in the two tubes by noting 
the distances between the consecutive heaps of powder and 
using the relation 

u g _ Dist. bet ween an$ T two consecutive heaps in the gas, 

u a 7 \a la Dist. between any two conseoutive heaps in air 

we can compare the velocities of sound in different gases. We 
can also use the above apparatus for comparing the velocities 
in the same gas filled in tubes A and B of different diameters. 


198. Ratio of the Specific Heats ofji Gas by Kundt’s Tube.— 

The velocity of sound in a gas is a / Y±., where y is the ratio bet- 

V P 

ween its two main specific heats, and p is the density of the gas 
at pressure P. Working at the same temperature and pressure for 
gas and air we have, 
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But 

Hence 


or 



V 


or 

Pi Y* 


/V)* _ y* x P" 

\u a ' p 9 X y« 


W 7. P 0 


[Equation (5) on page 


\ 



Ya = Pa /^g\ a 
y« Pa ''A* ' 


7{7 = 7aX 



199. Velocity of Sound in Liquids by Kundt’s Tube.— 

Kundt’s dust tube method can aUso be employed for the deter¬ 
mination of the velocity of sound in liquids. The liquid used 
in the tube should be air free. In place of lycopodium powder 
very fine iron fiilings are used. Figures can be obtained in the 
same way as in the case of gases. 


200. Young’s modulus for a solid by Kundt’s tube.— 

Having determined u r the velocity of sound in the material of 
the rod from relation (3) as stated above, we can calculate the 

Young’s modulus Y from the relation u,~^J where p is the 
known density of the solid rod. 

201. Determination of the temperature coefficient of the 
velocity of sound in a gas,— Using a single tube, and surround¬ 
ing it by a steam jacket, we can determine the velooity of 
sound in a gas at steam temperature as before. Knowing u 10f 

and Vq, temperature coefficient “° - is calculated. 


202. Measurement of Pitch by Cagniard de la Tour’s 
Siren. —Early methods of finding the frequency of a note 
employed Savart's Toothed wheel and the Disc Siren (Chapter X). 
In the case of a Savart’s wheel when a oard piece is held 
against the teeth, and the wheel is turned, firstly separate taps 
are heard, but as the speed of the wheol is increased, these 
blend into a single note. This note is brought in unison with 
that of the given sounding body. Then the number of revolu- 
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tions n in a known time t is determined by means of the coun- 
• tin 8 mechanism. If m be the number of teeth in the wheel, 

the frequency of the note emitted by it will be This will 

be the same as that of the given note. In the case of Disc 
Siren, the speed of the disc is so adjusted that the musical note 
produced by it is brought in unison with the unknown body. 
I he trequency of the musical note is given by thf* product of the 

number of revolutions of the disc 
per second and the number of holes 
in the disc. The above instruments 
give only a rough approximation to 
the frequency. A better instrument 
is Cagniard de la Tour’s Siren 
(Fig. 138). It represents an appara- 
tus in which the wind chest, the disc 
with holes, and the counter are put 
together. The wind chest C is a 
hollow cylindrical metallic box. It 
is supplied with air from a bellows 
with a pressure regulator. The fixed 
top of the chest forms the lower 
circular disc B of the siren with a 
number of slanting holes arranged in 
circles. The opper circular disc D 
perforated with a similar number of 
holes slanting in the opposite direc¬ 
tion to those in the lower, forms the 
rotating disc in contact with B. It 

Fig. 138. * s mounte d upon a vertical axis, 

the upper end of which terminates 
in a worm wheel which engages a pair of toothed wheels. Atta¬ 
ched to them are two pointers to record the single revolutions 
and tens of revolutions of the rotating disc. When the stream 
of air from the lower holes, strikes the sides of the upper holes, 
it causes the diso to rotate. The speed of the disc is regulated 
by varying the air pressure. Every time the upper and lower 
holes come together, small jets of air will emerge from each hole 
in the upper disc. Of course these small jets issuing simultane¬ 
ously constitute a single puff. For example, if there are h holes 

% 
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registered by the counter, there will be nA puffs per second 
These successive puffs give rise to a note of frequency nfi. To 
measure th^frequency of a source of sound such as a tuning, 
fork or an organ pipe the siren is regulated in speed by suitable 
adjustment of pressure until the pitch of the note produced is 
the same as that of the fork and the frequency IS calculated 

from the relation above. 

The air, which is forced into the wind chest of the siren, 
fulfils the double function of driving the snen and generating 
the Bound. This causes the low notes to be weak and the high 
ones to be loud. Nowadays the rotating disc is connected to 
an electric motor whose speed can be easily regulated. In this 
case we need not have the holes in a slantwise direction. 

203. Measurement of Pitch by Sonometer .—In Chapter IV, 
we eaw that the frequency of the fundamental note of a vibrat- 

ing string is given by wtere 1 is tuning length 

of the Btring in cm., T the stretohing force in dynes and m the 
mass per cm. of the string in grams. 

A string is stretched on a sonometer box with a known 
load and a portion of it between two bridges is tuned to unison 
with the given fork by the method suggested in Art. 61. This 
is done by adjusting the length of the string until the beats 
disappear. Then the frequency of the note given by the string 
is calculated from the above formula. To obtain better results, 
the following precautions must be observed : 


(1) The pulley in the ordinary sonometer must be quite 
free from friction, otherwise the tension in the horizontal part 
of the string will be slightly different from that in the vertical 
part. In other words, the weights hanging at the free end will 
not truly represent the tension in the horizontal part. To 
eliminate this error, the string is so fixed that the whole of it 
hangs vertically and is held against the bridges by pressing it 
with a thin piece of wood. 

(2) The string must be thin so as not to impair flexibility, 
otherwise the formula will not be applicable. 
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204. Measurement of the Absolute Frequency of a Fork 
by the Falling Plate. —The apparatus consists essentially of a 

smoked glass plate arranged to 
fall past the tuning-fork whose 
frequency is to be determined. 
The fork F with a light style 
touching gently against the 
plate is mounted vertically as 
shown in Fig. 139 (a) on the 
block B resting on a base 
board. To this base board is 
fixed a vertical beam which 
supports the smoked plate by 
a thread hanging from a peg so 
that by burning the thread 
the smoked" glass plate falls 
past the fork. The fork is set 
vibrating by drawing a violin 
( C) rffAC£ k° w across it and the thread is 

burnt. As the plate falls, the 
style traces a wavy curve 
whioh is the resultant of the S. H. M. in the horizontal 
direction and a uniformly accelerated motion in the vertical 
direction. The kind of the trace produced is shown in Fig. 
139 (6). Select two consecutive portions AB and BC such 
that the number of waves in each of them is the same, say a. 
Evidently the time, t, taken by the plate to fall through the 
distance AB is the same as that for the distance BC. These 
distances jSj and are measured by means of a reading micro¬ 
scope. If u is the velocity of the plate when the point A 
passes the style, then we have 

— \gt 2 ... ••• ••• (1) 

Also £ 1 +# aSB «(2t)+fr(2t)* .(2) 

From (1) we have 2S 1 =2ut-\-gt 2 ... ... ... (3) 

Subtracting (3) from (2), we get 

s,- Sy = ig At 1 -gt* = 2 gt‘- gl* = gt' 



< (• 



Fig. 139. 
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Hence the frequency, n, ot the fork 





In the above arrangement, there are two sources of error 
which may be eliminated as under :— 

(1) The style attached to one of the prongs increases its inertia 

consequently the pitch is slightly lowered. For this purpose a 
second fork is first tuned to the one under test but without t e 
style. Then the number of beats, say b per second, between 
the second fork and the unknown one provided with a style are 
counted. Thus, obviously, the frequency, ti 0 , of the unknown 
fork without the style = frequency, n, of the fork with the style 
plus, 6, the number of beats per sec. 

Hence from (4), we have 


n 0 =n+b=b+a/sj fjL- 


... (5) 


(2) The friction of the style against the plate retards the 
plate in its fall and so lowers the value of *g\ Consequently 
the frequency n, as calculated from equation (4) is a bit higher. 
To eliminate this error first of all, using another fork of 
known frequency, the effective value of ‘g’ is calculated. This 
value will be a little less than the true ‘g’. On substituting this 
value of g in equation (5), the frequency of the fork under test 
can be accurately determined. 


205. Comparison of Frequencies of two Forks- —In this 
case the two tuning-forks are damped on the same block side 
by side. Light aluminium styles are attached to their respec¬ 
tive prongs as in the previous section and held close to the 
falling smoked plate. The forks are set in vibration, and at 
the same instant the plate is released. Each style traces a 
wavy curve upon the smoked plate. Fig. 140 shows traoes for 
a pair of forks. Two horizontal lines AC and BD are then 
drawn. The traces in between these lines will be made by the 
forks in the same time. The number of vibrations in AB and 
CD are counted, and their ratio determined. 
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This gives us the ratio between the frequencies of the 
two forks. 

We can also compare the frequencies of two 
forks by the following simple photographic 
method. Two tuning-forks are placed aide by 
side, their prongs so arranged as to project, into 
a horizontal slit in a vertical wooden board B 
(Fig. 141). A groove is made behind the board 
so as to allow a photographic dark slide fall freely 
downwards when the forks are set in vibration. 
When an arc light is thrown upon the slit, the 
shadows of the vibrating forks will be produced on 
the photographic plate. Two wavy curves like 
those shown in Fig. 140 are obtained. Counting 

the number of waves n t and n 2 in ^ _ s t /oc u 

the same distance for the two cur¬ 
ves we have the ratio of the fre- 



1 

i 

i 


c 


i A 


*1 


If 


Fig. 140 one of the forks is a standard 
Trace* obtain- one> t ^ e frequency of the other 

ping"pWato rop can calculated. Precaution 

must be observed that the slide 
may fall with uniform speed. This can easily 
be managed by connecting the slide by means 
of a string passing over a pulley to a load 
dipped in oil. 



Fig. 141 


A more accurate method depending upon the use of 
Lissajous’ Figures for comparing the pitches of two tuning-forks 
is explained in Art. 22 Chapter II. 

206. Measurement of Pitch by the Revolving Drum 
Method-—(Chronographic Method). Ae suggested in Art. 13, 
when a smoked paper is drawn under a vibrating tuning-fork 
with a light style attached to one of its prongs, a wavy line is 
traced on the paper. It is on'y necessary then to count the 
number of waves in any interval of time and divide it by the 
interval to get the frequency of the fork. The form of the 
apparatus making use of this principle is shown in Fig. 142. It 
consists of a cylindrical drum D which is rotated by a clock 
work arrangement. A fork F with a light aluminium style is 
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adjusted so that the tip of the style touches lightly agaiuet 
a smoked paper wrapped 


round the drum and traces a 
wavy curve on it when the 
fork vibrates. The drum is 
mounted on an axis with a 
screw cut on it so that it also 
travels endways when it 
rotates to avoid the overlapp¬ 
ing of the various turns of the 
wavy curve. To mark the 
time intervals we make use ot 



Fig 142. 


an Induction coil and an Accu¬ 
rately timed second’s pendulum. P and S are the primary and 
secondary of the Induction coil. When the metallic tip of the 
pendulum A, placed in series with the primary coil makes 
contact with mercury in the cup C> a momentary ourrent passes 
in the primary. This results in a momentary e.mf. in the 
secondary and a spark passes between the style and the 
cylinder, thus causing a spot on the paper. Now when the drum 
is rotating and the fork is vibrating, as stated above, a wavy 
curve will be obtained but marked at intervals with spots or 


dots showing the ends of seconds (the pendulum being a 
second’s pendulum). The mean number of waves in the spaces 
between consecutive spots gives the frequency of the fork. Tho 
method is very accurate as it is independent of the rate of rota¬ 
tion of the cylinder but merely depends upon the time of 
vibration of the pendulum which can be determined accurately 
by the Astronomical method. It should be noted that the pitch 
determined is that of the fork with the stvle attached. The 


style of the fork in nibbing against the paper will necessarily 
produce 6Qme friotion, which results in slightly lowering the 
pitch of the fork. 


207. Measurement of Pitch by the Tonometer. —Sohei- 
bler devised his Tonometer which consists of a series of tuning- 
forks extending over an octave, the interval between any two 
consecutive forks is about four beats per second. This interval 
oan be determined with greatest acouraoy. When the beats 
are very rapid it is difficult to count them. When they are very 
alow, the exaot moment of maximum or minimum intensity is 

less definite. Now in finding the frequenoy of any other fork 
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which of course falls within the range of the tonometer we 
merely compare it with the tonometer forks until we find one 
with which it beats The number of beats per second is the 
difference of their frequencies which is then to be added to or 
subtracted from the known frequency of the tonometer fork 
according as the unknown is higher or lower than the known 
one. To find whether this fork has a frequency higher or lower 
than that of the known one, load the former by attaching a 
small piece of wax to one of its prongs. By doing so, its fre¬ 
quency is lowered. Now sound the forks and again count the 
number of beats per second. If the number of beats per 
second decreases, this is the faster of the two. But if the fre¬ 
quency of beats increases, obviously it is the lower one. 



Fig. 143. 


208. Stroboscopic Method of determining Frequency.— 

In Fig. 143, D is a stroboscope. It is generally a metallic disc 

provided with one or 
more circles of equal¬ 
sized and evenly- 
spaced dots or slits. 
The disc is driven by 
a motor of adjustable 
and measureable 
speed, and is also 
geared to a counting 
mechanism. It is 
arranged to be viewed 
through a telescope. 

Between the disc and the telescope is mounted the tuning-fork 
whose frequency is to be measured. 

Two pieces of light aluminium foil A and B, shown in 
section in Fig. 143 (6), are attached to the ends of the prongs of 
the tuning-fork. In the upper piece A, a .slit is cut, while the 
lower piece is of such a length that when the prongs are at rest 
the slit is closed, and when the prongs are separated the s it is 
open. The figures (a) and (6) show the case when the slit is 
open Thus when the fork is set in vibration, the number of 
times the slit will be opened and closed is equal to the frequency 
of the fork. Here, as it is desirable to maintain a tuning-fork 
in continuous vibration without having to bow or strike it, an 
electrically driven tuning-fork is used. 
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To begin with, the slit and the telescope are in a line with 
the dots on the disc. The disc is set in rotation, and the fork i9 
set vibrating. The speed of the motor can be so regulated that 
the dots appear stationary when viewed through the slit. This 
is possible only when the time-period of the fork i9 exactly 
equal to the time taken by the dots to move the distance 
between two consecutive dots. When the disc is driven below 
this adjustable speed the dots will appear to move slowly back¬ 
wards and when driven rapidly, the dots will be appear to move 
forwards*. Thus by careful adjustment, the dots can be kept 
stationary for a considerable length of time. 

If n=the frequency of the fork, its time-period =-^-second. 

n 


If m=number of revolutions cf the disc as recorded by the 
revolution counter, and p=the number of dots in the circle on 
the disc, then the time tauen to move the distance between two 

consecutive dots=— second. 

mp 

When the dots appear stationary, we have 

11 . 

—=: — %.e., n—mp. 
n mp 

It should be noticed that if the diso be driven with twice or 
three times etc. the above speed, the dots will again appear 
stationary. Then mp—2n t 3n etc. because each dot would move 
twice ar thrice etc., the distance between successive dots for two 
consecutive openings of the slit. Such cases should be carefully 
distinguished from each other. The results obtained by the 
stroboscopic method are fairly accurate. 

If the frequency of the fork be known, we can also apply 
thw method to accurately determine the frequency of revolution 
ot the disc. It also serves as a delicate method of observing 
whether the speed of the diso or motor remains constant. 


Caaa ^ V ° considered a -ingle circle of dots evenly spaced. In 

thlt °“f co u noentrio of dots, it will be noticed 

in fche 0 m9 r the -tationary oirole would appear to move 

o f d - - d tho P £ - an outer 



CHAPTER XV II 

acoustical instruments and applications 

ha .5 W L rh ? re . ar f a uumb 'T of acoustical instruments which 

f h J 6 J 1 de u 1S ^ d .!. 0 reC ° rd and reproduce sounds. Some of 
hese such as the Bell s telephone, microphones of various tvpes, 

. ud speakers, which involve applications of electricity have also 
been briefly outlined. For their detailed study some' advanced 
treatises on ‘Magnetism and Electricitv* and‘Sijund’mav be con¬ 
sulted. Besides acoustical principles have been applied in the 
construction of several other instruments which are used 
in every day life and in industry. In the following sections only 
broad principles have been discussed. 


210. The Phonograph. —When sound waves fall on a thin 

diaphragm, it oscillates. Conversely, 
if the diaphragm is made to vibrate as 
before, similar waves will be generated 
in air and the original sotnd will be re¬ 
produced. This is the underlying prin¬ 
ciple of a Phonograph. It was first 

invented bv Edison in 1S77. In its 

* 

original form it consisted of a diaph¬ 
ragm D made of mica with a sharp 
stylus S called cutter. The pointed end 
pressed against a rotating cylinder of 
hard wax moving along its axis. 3/ is 
a mouth-piece where the sound waves 
^enter and set the diaphragm in vibra- 
Fig. 144. tion. The stylus ploughs its wav through 

the wax, and records a furrow of varying depth in accordance 
with the varying displacement of the diaphragm. If now the 
stylus is placed at the commencement of the record and the 
cylinder again is set in rotation, the diaphragm vibrates in the 
same way as before and the original sound is reproduced.* 
The phonograph in its original form has now been altered, the 
general principle of the instrument remaining the same. 
The recording is made on a circular disc made of wax 
which rotates about its centre, the recording point gradually 
moving inwards. By a suitable arrangement the stylus in 
this case is made to move laterally and not up and down, 
thus cutting on the wax disc a wavy lateral groove of uniform 
depth running spirally from th e ed ge to the centre. 

•The phonograph has been pucceoofully used to test tMe theories of 
the origin of Vowel ecuods ; (eee Art, 14J). 
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After the completion of the groove a copper mould ot this, 
called the ‘electrotype ' is made by the electrical process of depo¬ 
siting a thin layer of the metal on the surface ot the wax disc 
which is made conducting by sprinkling graphite on it. 
This thin copper mould having ridges in place of the corn spon- 
ding grooves on tbe original disc is backed by a steel plate to 
give it atnngth. Thus the master record is ready. Gramophone 
record discs are made from a mixture of sheilac, shredded rugs, 
rotten stone, sulphate of barium and lamp black etc. These 
ingredients are ground together, and passed between heat¬ 
ed rollers, thus giving the ‘smooth black plates’, which when 
cold are very hard. To obtain a true copy of the wax record, 
the master record is then heated and the smooth black plate is 
squeezed on it in a hydraulic press. This gives us the usual 
records ready for sale. To reproduce sound, the needle of the 
sound bor. is made to run iu the groove of the record, which 
causes the diaphragm of the souna box to vibrate, in the saae 
way as during the recording process thereby exactly reproduc¬ 
ing the original sound. This 
is the principle of the 
gramophone- 

211. The Gramophone. 

Its general appearance is 
shown in Fig. 145. It is a 
modification of the Phono¬ 
graph. The usual sound 
record is placed on the 
turntable of the gramo¬ 
phone which is made to 
rotate about a vertical axis 
by a simple spring motor 
inside the case. The most 
important part of a gramo¬ 
phone is the sound . box 
shown in Fig. 146. 

It is an air chamber 
bounded on one side by a 
corrugated metallic dia¬ 
phragm made of an alloy 
of aluminium supported 
between two solid rubber 
rings RR round its edge. 


Fig. 145. 
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The other side is open and coupled to the narrow end of a horn. A 
bent lever L pivoted at P has its upper end 
fixed to the centre of the diaphragm while 
the lower one ends in a screw S by 
which needle N is fastened. To reproduce 
the sound needle rests on the record 
which is made to rotate. The wavy groove 
cut on the record compels the needle to 
move to and fro laterally in exact imita¬ 
tion of the waves which originally fell on 
the recording diaphragm and these move¬ 
ments are transmitted through the lever to 
the mica diaphragm of the sound box. 

These vibrations of the diaphragm set up 
waves of compression and rarefaction in 
the air thus exactly reproducing the origi¬ 
nal sound. As the upper arm of the lever 
is much longer than the lower arm, the side 
wise motion of the needle N causes 
magnified vibrations in the diaphragm. 

Formerly when a horn was used for collecting the energy and 
concentrating it on a diaphragm, the amount available was very 
small. Singers and performers had to he huddled together very 
close to the horn. This caused many difficulties. To overcome 
them the mechanical energy system has now been replaced by 

electrical recording (Fig. 147). This goes 
a great deal to improve the reproduction. 
The sound is first picked up by a micro¬ 
phone. By using thermionic valves the 
varying microphonic current, after suitable 
amplification, is passed on to a coil sur¬ 
rounding a soft iron armature which has 
a small freedom of motion about a hori¬ 
zontal axis. The soft iron armature which 
is supported with its upper end between 
the poles of an electromagnet, moves 
laterally, in accordance with the fluctua¬ 
tions of the speech current, and the cutter 
fixed to its lower end traces a spiral groove 
on the wax diso with lateral irregu¬ 
larity. From this the usual record is prepared as described in the 
previous section. 
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Reproduction from a gramophone record can also be made 
electrically. In this case the sound box and t he horn are substitut¬ 
ed by an ‘electric pickup', an amplifier and a loud speaker. The 
‘pick up' is a microphone actuated by the gramophone needle. 
The electrical currents thus produced are amplified by thermio¬ 
nic valves and are then delivered to the loudspeaker. 


Now we shall describe some of the electrical instruments., in 
wide use for the transmission and reproduction of sound such as 
the Microphone , the Telephone , and the Loud Speaker. 

211a. The Microphone. —The microphone is essentially 
an arrangement lor the conversion of sound vibrations into 
variations of electrical current. In the telephone communica¬ 
tion system it is used as a transmitter and the variations of elec¬ 
trical current thus produced are reconverted into sound by the 
receiver at a distant end. It is also the first element of a 


loud speaking equipment or a broad-casting arrangement in 
which electrical oscillations after proper amplification are 
reconverted into sound by the loud speaker. Finally as des¬ 
cribed in Art. 224 it is the first elemeat of all processes for the 
electrical recording of sound either mechanically on disc, opti¬ 
cally on film or magnetically on steel tape. The general prin¬ 
ciple of the modern carbon microphone is shown in Fig. 147 (a). 
Carbon granules are enclosed 

in between two plates one of , __ 

which is fixed and the other .1 ! h 

serves as a diaphragm which res- j 

ponds to rapid changes in ^ g 

pressure. The plates are placed ' §S JJT 

in series with a key, a battery , § K 

mer, the secondary of which is ^ g 5 _I 

connected to the telephone 147 

receiver. When the key is dosed 

a steady email current flows through the circuit. If a person 
speaks in front of the diaphragm, it is set into mechanical vib- 
rations thus oompressmg and decompressing the granules whioh 

moduk^dU,l 8ta t nCe i° f the ° lrCUit and henoe the 0,,rrent - This 

le 0 i rlca ' curro, ?t passes through P, the primary of a 

■ “e d ? roduce8 b y induction a corresponding varying 

ourrent in 8 ita secondary. This amplified current Dasses 

through the telephone T and exoitea its dia“ m The 


Fig. 147 (o). 
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movements of the latter set the air in corresponding vibrations 
reproducing the original sound. 

The Electrodynamic Microphone is another tpye of micro¬ 
phone. It consists of a small coil of wire attached to the back 
of a freely moving plate. The coil is in the magnetic field 
between the central pole piece and the peripheral pole piece of 
a * ‘pot” magnet. The sound waves cause the plate end of the 
coil to move and varying currents are induced in the coil which 
are conveyed to the distant end. The instrument possesses a 
good frequency response and besides being so robust and reliable 
it is very sensitive. This is largely used in present dav Broad¬ 
casting. 

211b. The Telephone. —The telephone was invented by 
Graham Bell and with some slight modifications it is still used 
as a receiver in telephone communication. In a modern form it 
consists of a permanent horse shoe magnet M with its two poles 
close together. Each pole has a soft iron armature VT attached 





Fig, 147 (6) 

to it and a fiat cod of many turns of fine wire is wound round 
r.h armAture. The outer ends of the two armatures attract 
r hin soft iron disc D situated just in front of them. The 
rying currents produced by the transmitter at the sending 
ition and suitably amplified by transformer are sent through 
e coils C.C. of the receiver and cause corresponding changes in 
e strength of the magnet of the receiver and thus vary its pull 
the soft iron disc D. The diaphragm of the receiver, there¬ 
fore vibrates according to the varying current that is, according 
to the words spoken and these vibrations being communicated 
to the ear set up sound waves reproducing the original sound in 
pitch and quality. 

211c. The Loud Speaker- —The present day student is 
familiar with a loud speaker so commonly used in picture 
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houses for the reproduction of sound on a talking film, in loud 
speakiDg equipments and as a necessary adjunct of a wireless 
receiver. On account of the various requirements that a loud 
speaker must satisfy for faithful sound reproduction, it has under 
gone numerous modifications since the early days of wireless re¬ 
ception. The commonest and the efficient type of speakers used 
now-a-days is the moving coil type. When properly matohed 
to the output valve of the receiver or the amplifier it works 
remarkably well. Itjis based on the principle that when a vari¬ 
a ble current is passed through u con ductor in a. magnetic field, 
the conductor is acted on by_a variable force and if the current 
is oscillato ry th e conductor is set in vibration. 

The moving part of the apparatus consists of a small coil 
called ‘the voice-coil’ wound on a cylindrical strip to which the 
variable current output of the 
receiver is led. The coil is tree q. 
to move in the annular gap bet- 

ween the central pole piece and ^ 

the peripheral pole piece oi a ^\ \\ 

* pot’ magnet designed to produce \ A TS SEES fa 

strong magnetic field in it. The \o 0 , o | ‘ 

coil is attached to a conical .S I—' f. 

diaphragm made of parchment A 77 | 

with circular corrugations and /Wfi T H % i m 

supported round the periphery y' yY V 

by a flexible annular strip of Y // \ 

leather or rubber. When the vi/s' MOVING COIL 

variable current passes through . F - ,. . 

the coil in the magnetic field, g> 147 (c) ' 

it causes varying movement of the coil which is connected to 
the diaphragm. The diaphragm is thus set into-vibrations which 

Xt^b ? th M ir aDd the “““d «• reproduced. 

Hnefr r between the current and the driving force is 

WonsMemhie 18 mdependon ‘°f the position of coil hi the gap 
metric distortion. 6 b p without appreciable asym- 

nent'magnet^Kl theBe'are known aa*tPc«na 

"" in **** ^pe current iTuC fftopT 


'o#oo 


S MOVING COIL 
Fig. H7 (c). 
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mains to magnetise the magnet and these are spoken of as 
*Electrodynamic moving roil speakers'. The latter tvpe has a 
powerful output. 


212. The Phonodeik .—With this apparatus sound waves 
can be projected on a screen and demonstrated to a large 
audience. By its use it is possible to photograph the wave 
forms of various musical instruments or of the human voice. 


Its principle is the same as that 
of a thin diaphragm D made of 
mica (Fig. 148) fixed to a 
metal frame F , and supported 
between two solid rubber 
rings RjR round its edge similar 
to those in the sound box of a 
gramophone. To the centre of 
the disc is tightly screwed a 
steel stylus S flattened at the 
other end which presses a 
rolling thin needle placed over 
a platform P. A concave 
mirror of long focal length is 
attached to the needle as 
shown in Fig. 148 (a). Having 
constructed such a sound box, 
it is fixed to the ‘tone-arm* at 


of a gramophone. It consists 


f 



Fig. 148. 


the narrow end of a horn. When speech is delivered in 
front of the horn, sound waves fall on the diaphragm and 
cause it to vibrate. This makes the needle to roll backwards 


and forwards. Consequently, the mirror is tilted, and a beam 
of light directed towards this mirror is reflected to a revolving 
mirror which in turn throws it on to a distant screen. A curve 
is traced on the screen which is characteristic ol the 
original sound. If a permanent trace is required, a 
photographic plate sliding horizontally gives the record of 
the wavy curves as shown in Fig. 149 (o) and (6) which 
represent the vowel sounds ‘ oo' and *ee' as in mood and 
in feed respectively. The overtones in the two curves m ay 
be clearly marked. 
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213. The Phonoscope.—The phonodeik was developed 
by Prof. D. C. Miller. A r\ ^ ^ 

Earlier Dr. J. Erskine- \ f \ \ A /\ A 

Murray devised a pho- / ,/ \ / \ I \ / | / \ / 

noscope. The sound J \J '/ J V (/ 1/ 

box represented a coni- . „ . 

cal tube A BCD. The *»«“ SOl '"° 00 4S MOao ' 

smaller end is covered ^ 

by a thin membrane* jV A Wk A A f 

which may be somewhat L ) \ J k J \ / l /* \ / k } 

slack. To its centre a ^ [j I J \J jr 

light support is fixed. V T* « n V » V 
Attached to it is a wire f , M ' 

F with a small light *»tl SOM C£ AS * fit* 

mirror M hinged on it 


VOW£L MVY0 ‘££ y AS W £££0 
( 6 ) 

Fig. 140. 


but quite free to move without shake. As before when souud is 



Fig. 150. 

directed into the conical tube, flutter of the membranoe rooks 

mirror l *f >r “t A beam of U 8 ht reflected at the 

curve theD afc * he revolving mirror R, traces a wavy 

A ’ ° n the screen. If necessary the wave form can be 

descdbSPabov? bef0r8 'f By OI r ° f the ********** method 
described above, wave forms of various musical sounds can be 

studied, and thus the quality of the notes determined. 

ra0Uld * ch08en ^h re^renrato 
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214. The Seismograph. —It is an instrument used for 

recording earthquakes. When 
a quake arrives at a place, 
everything on its surface 
moves in the same manner as 
the earth does. Hence to 
record these movements, we 
should have a body which is re- 
lative’y at rest with respect to 
the earth e., a body with a 
large time-period. This is only 
possible when the iDertia of 
the body is very large. For 
this purpose a massive weight 
W S W is screwed to the end of a 

Fig. 161. rod CW (Fig. 151) called, the 

‘ boom’. The other end of the boom is fixed at C at right 
angles to the axis AB which is inclined to the vertical at a very 
small angle about 6'. Under the circumstances when some 
motion of the support occurs, the weight does not immediately 
follow its movement. D represents a cylinder, over which a 
paper film is rolled steadily. On the arrival of the quake, the 
earth oscillates. Along with it, the support, the axis and the 
cylinder also oscillate, and the pointer of the boom which moves 
only slightly draws a trace on the paper plane. The record 
obtained is due to the failure of the weight to follow the motion 
of the support. It indicates relative movement between the 
massive weight (FT) and its support. 

Really speaking, the boom with the massive weight W at its 
one end acts as it were a horizontal pendulum of length l with 
the point of suspension at the other end of the boom. Force 
along CW in the position of rest is W g sin <f >. On being slightly 
displaced, the restoring force is Wg sin <f >■ sin $, where 6 
is the angular displacement. 

.*. The restoring couple= JF$r sin <f> sin 6 l=Wgl<f>6. 

[ v angles (f> and 6 are small.] 

Hence the period of vibration of the system is given by 

T = 2 W m 
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where I is the rotational inertia of the system about AB, 

As / is large and <j> is small, so T id very large satisfying 
the condition mentioned above. The seismographs are also 
employed to pickup sound waves. They are similar in cons¬ 
truction to those used for recording earthquakes (see Art. 215). 

215. Prospecting for Oil-—The best way to know what 
is under the ground is to drill a hole in it. But the drilling 
business to find out whether oil is present or not, is often very 
expensive. Within the past few decades a number of physical 
methods have been used for studying the structure of the upper 
layers of the earth’s crust in search for minerals and oil. These 
methods depend upon the gravitational, electrical and magnetio 
properties of the medium underneath. Sometimes we employ 
compressional waves produced by artificial explosions for the 
purpose. These compressional waves are sound waves, and 
the instruments used for detecting them are Seismographs des¬ 
cribed in the previous section. We do not directly aim to locate 
the oil itself but seek certain geological structure, such as ‘salt 
dome’, with which oil is commonly associated. 

Fig. 152 represents a simple case. AB is the level of the 
ground. CD is the upper surface of the ‘salt dome’. A charge 
of dynamite is exploded at E and compressional waves travel 
outwards in all directions. Velocity of these waves in the upper 



Pig. 152. 

medium (say clay and sand) is greater than that in air, and in the 
lower medium (salt dome) is still greater*. When these waves 
reach the salt dome they are partly refleored and partly refrac- 
ted. As the intensity of the reflected wave s is very feeble 

*In a salt dome the velocity l ^,) is 63UU motrea/aeo. while m 8*mi and 

olay its value (F t ) is 2000 metres/Beo. sin 0 O = 

• 6300 ft* 
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refracted rays (RR X R 2 etc.), are made use of. It is found that a 
certain ray ER incident at the critical angle 0 e on the surface CD, 
travels parallel to the stratum, and a fraction of it goes bick 
to the surface AB by diffraction making the same angle with 
the normal to the stratum. It travels in the directions as shown 
by the lines RqS^ and may be picked up by seismographs 

placed at S 2 , S 3 . The time interval between the arrival of the 
direct wave along E8 and the diffracted wave along R 2 S 2 . 
R a 8 s , etc., is noted. When the direct distance E8 t is small the 
direct wave reaches first and the diffracted wave later, but as 
the distance of the point of observation <S } , increases ; the 
interval decreases, the reason being that velocity of sound in 
the lower medium is greater than that in the upper medium. 
With a sufficient number of seismographs placed at different 
distances, it is possible to determine the distance where both 
these disturbances (the direct and the refracted compressions! 
waves) arrive at the same time. And knowing the speed 
of the compressional waves both in the ealt dome and 
in the stratum (clay and oand) lying above, 6 C is determined, 
(see foot note p. 295). Then it is possible to calculate out 
the depth of the salt dome and drilling can be done with 
much probability of striking oil than if the seismic methods had 
not been employed. 

216. Detection of Aircraft by Sound.— We owe our power 
of locating sound to our two ears, but the distance between 
them beiDg small, difference of intensity at them will not be 
percepiible unless the source is very close to the listener. The 
difference in phase at the two ears is, however, not small. 
Experiment shows that for the lower pitches our judgement of 
direction comes from the difference in phase of the sound at the 
two ears. Such phase differences produce certain time 
differences in the impulses in the nerve fibres going from the 
two ears to the brain and these time differences apparently 
give a clue as to the direction from which the sound comes. 
When the sound comes from the front or the back, phase 
difference is zero. It is greatest wnen it cornea from one side ot 
the listener. If we could increase the distance between tue 
ears, difference of phase effect could be increased. Sucti a 
separation of the ears was made use of during the VYar ot 
1918 for the location of Aircraft. 
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Two conical trumpets lying a few feet apart, have their 
axes parallel and are fixed on a framework which rotates about 
a vertical axis. The small ends of the trumpets are connected by 
rubber tubes to the two ears of the listener. If a source of sound 
moves past before such an arrangement at rest with the axes 
of trumpets horizontal, the listener can judge with great 
accuracy the instant when the source comes exactly in the 
front. 

In order to locate an invisible aircraft during the night or 
in foggy weather, we make use of the sound of the engine, the 
propellers etc. The trumpets are moved round on their vertical 
axis, until the listener judges that they are pointing to the source 
of sound. Any small movement of the trumpets from this position 
makes the sound seem to move far to the left or to the right. 
This arrangement does not give us the position of the source of 
sound but tells us only the direction from which the sound is 
reaching the observer. In case the sound does not reach the 
observer directly but is heard after many a reflection or refrac¬ 
tion, then the direction given by the above arrangement is not 
true. The method illustrated above for locating the direction 
of sound by means of two oars is known as Binaural Method. 

In an improved type of the sound 
locator we have two pairs of trumpets, 
and each pair is connected by tubes 
to the ears of the two observers. One 
observer can swivel the trumpets side¬ 
ways, and the other can tilt them up 
or down. These movements are 
carried on till a position is reached 
when the sound is heard equally in 
both ears. Now the axis of the trum¬ 
pets will be pointing towards the aero¬ 
plane whioh of course is moving swiftly 
all the time. In the modem British 
sound locator (Fig. 153) paraboloid 
refleotors replace the trumpets, and 
miorophones are used to assist the 
listeners. Electrioal filters are used 
to out out the unwanted sounds, and 
the listeners receive the sound 
through telephones. 
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217. Th e Geophone— Its Application to Mining.-The 

Geophone was invented 
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Fig. 154. 


by a French engineer, 
and was used f or the 
first tirry in i.lw> Wnrld 

War (1914—18) for the 
detection of the enemy 
tunnels being driven in 


our ~lin<»3 ~ The instru¬ 
ment (Fig. 154) consists of a small circular wooden box about 
3" in diameter and 2" in depth. In the centre it contains u 
mass of mercury enclosed between two mica discs. Above and 
below the mica discs there are two small air chambers, each 
of which can be connected to the ear by a rubber tube. 

For detecting the sound of mining only, the two air spaces 
of a single geophone are separately connected to the two ears 
by rubber tubes. When the box is placed on the ground, 
any sound waves travelling past the box will set it vibrating 
but the inertia of the mercury prevents any great movement of 
the mica discs. This will alternately compress and rarefy the 
air in the air spaces, and waves of sound will be transmitted 
along the tubes to the ear. 

To find the direction from which the sound is coming, two 
geophones are placed on the ground. One air gap of each is 
closed with a cork and each of the remaining gaps is connected 
to one ear. The geophones are then moved about on the 
ground and their positions are found for which the intensity 
of sound, received by each ear is the same. That will be the 
case when the sound seems to come straight from the front 
(enemy being known to be in front). The direction perpendicular 
to the line joining these two positions is the direction from 
which the sound is coming. 


218. The Hydrophone : Location of Sounds in Water. 

Hydrophone (Figs. 155 — 56) is an instrument which was largely 
used in the FirstGreat War to detect sound waves beneath the 
surface of water. It not only detects the presence of a submarine 
but also determines its position and direction from an observing 
ship. It consists of a large metallic ring carrying a steel dia¬ 
phragm to the centre of which is attached a small watertight 
chamber with a carbon miorophone inside it (Fig. 155). bound 
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waves under water set the diaphragm vibrating. These vibrations 
are imparted to the microphone and consequently sound will be 
heard in a telephone receiver connected with the microphone. 
Such a hydiophone will be silent to sound waves when they are 
parallel to the plane of the diaphragm because in this position 
waves strike on both sides of the diaphragm in the same phase, 
thus causing no vibration, Fig. 156 (c). But it will act as 
bi-directional when it is set at right angles to the direction ot 
the sound waves. In this position the instrument is sensitive 
to sounds both coming from the front and the back, hence the 
true direction cannot be located. To overcome this difficulty, 
one side of the diaphragm is screened by a solid plate or ‘baffle’ 
of some non-resonant material. Fig. 156 (a) shows the instru¬ 
ment without the baffle and Fig. 156 (b) shows it with the 
baffle. This latter type is most sensitive to sounds in front 
only Fig. 156 (e), while it will remain deaf to sounds coming 
from the back Fig. 156 (d). Thus it will now serve as a uni¬ 
directional type. 



Fig. 1697 


219. The Hot Wire Microphone.— This instrument was devised 
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by W. S. Tucker for sound ranging. The underlying principle 

was the effect of changed of 
temperature upon thei resis- 
tance of a metallic wire. The ins* 
trument (Fig. 157), consists of a 
metal cylinder with a wide 
neck, to act as a resonator. A 
‘grid’ of thin plantinum wire is 

Fig. 157. The hot wire microphone. 0tretc bed across the open 

mouth of the cylinder. Its 
ends terminate in binding screws and are carefully insulated 
from the body of the cylinder. This wire is heated to a steady 
temperature by means of an electric current and is placed in one 
of the arms of a Wheatstone b/idge. When compressional 
waves due to the firing of a distant gun fall upon the mouth, 
they set up oscillations of air in the resonat’ng vessel, and cool 
the grid momentarily. As a consequence its electrical resistance 
is reduced. This change in resistance is at once indicated by 
the deflection of a spot of light reflected from the mirror attach¬ 
ed to the Wheatstone bridge galvanometer. 

220. Sound Ranging. —The report of a hidden gun is 
recorded from three different stations with the help of Hot-wire 
Microphones. Imagine a gun at P and the microphones situated at 
A, B, and C. These microphones are 
connected to special type of gal¬ 
vanometers kept at a distant central 
station. The spots of light reflected 
from the galvanometer mirrors are 
received on a photographic film 
wrapped round a cylinder rotating 
at a constant speed. They 
will trace three parallel straight 
lines on the film. The instant of 
arrival of the sound waves at the 
microphones is given by a sudden Fig. 158. 

kink in their respective lines. Knowing the speed of the 
moving film, the time interval between any two kinks can be 
accurately determined. This will be the time required by sound 
to travel the distance between, wave-fronts reaohing the two 
microphones. Supposing the sound is first heard at A , then BQ 
will represent the distance travelled by the sound waves in 

k 
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between the wave-fronta reaching the microphones at A and B 
during the time interval as recorded between two kinks 
the corresponding lines on the photographic film. Let 
the sound P heard 8 at A be and I, seconds sooner than 

it arrives at B and G. Then with centres B and C an 
radii vt, and vt t , where v represents the velocity of ®Jjund 

in air draw circles round B and C. Then the gu 

at the centre of a circle AQH which passes through 4 and 

touches circles drawn round B and G at Q and R. 
construction is made on a map and the position of the gun 
located. The circle AQR evidently represents the wave-front 
when the station A has received the report. The wa ^ e ‘ fr 
at this instant lies at distance vt, ana vt 2 from the other two 
stations B and C. Graphically we may proceed as follows 
Supposing the sound arrives at the microphone -A half a second 

sooner than it arrives at the microphone B. If l * 30 * 

taken as the velocity of sound, then the gun must be 005 ft .more 
distant from B than it is from A. Draw arcs round A and B y the 



VJ.-> 

TO MCAO QUMTCAS 

Fig. 169. 


radii of the latter being 605 ft. greater. The point of intersection 
of each pair gives a possible position of the gun. Join these 
points by a line pg, then the gun will be somewhere on this line. 
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Again suppose sound at C is received h second later than that 
at B. Draw arcs round B and C, the radii of the latter being 
565 ft. greater. As before get the points of intersection. Then 
the gun must be somewhere on the line rs. The actual position 
is thus obtained at G, the point of intersection of the lines pq 
and rs. 

In a similar way we can send information to a ship desiring 
to know its true position. This is possible in case there is at 
some distance on the shore a ‘wireless station* with sound rang* 
ing equipment with hydrophones which could be submerged in 
the sea. Firstly by wireless telegraph} 7 , the ship will inform the 
wireless station on shore that she desired her position. Soon 
she will drop a 'depth charge,’ the sound waves of which will 
reach the sound ranging equipment on theshore. Afterwards the 
land station will intimate the information to the ship by wire¬ 
less telegraphy as to its true position. 

221. Ultrasonics.— When an explosion takes place, various 
types of waves are associated with it. One type has a very 
low frequency even below the ‘ audible limit'. Such sounds arc 
called Infra sounds or 'Infra-sonics' . The other is the ordinary 
audible sound. Hot wire microphones can detect both these 
types of waves. There is a third type in which the frequencies 
are beyond the ‘limits of hearing*. These are called Supersonic 
sounds or 'Ultrasonics'. Their frequency is 20,000 or upwards. 
The Galton whistle is very suitable for generating ultrasonics 
with constant amplitude and frequencies upto 100 kilocycles. 
High frequency vibrations have also been obtained with the 
help of certain crystals like quartz, tourmaline and Rochelle salt. 

If pressures are applied to the opposite faces of a quartz 
crystal cut so that the faces are perpendicular to the optic axis* 

of the crystal, the faces will develop equal and opposite charges 
with consequent differences of potential. But when the 
crystal is under tension the signs of charges are reversed. 
This phenomenon is known as Piezo-electric Effect. The 
converse effect is also true—that voltages applied to the 
faces of the crystal produced corresponding changes in its 
dimensions. When such a crystal plate is placed in an electric- 
field in the direction of thickness, it expands or contracts to an 
extent depending upon the strength and direction of the 
eleotric field applied. When alternating potential differences 

•See Chapter on polarisation in a Text Book of Light. 
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are applied the crystal contracts and expands alternately and 
elastic vibrations are set up in the crystal. When the fre¬ 
quency of such alternating voltages coincides with one of the 
possible modes of vibration of the crystal plate, a large resonant, 
vibration will occur. 

Such vibrations may be regarded as longitudinal and the 
possible frequencies of vibration are given by the relation, 



in which p=l, 2, 3 etc., Z=thickness, E the value of Young’s 
modulus for the particular axis chosen and p the density of the 
material. 


V j -) may 


be taken 


as 5*5 X 10 5 cm. per sec. Thus a plate of quartz 5 cm. long and 
0 5 cm. thick will consequently have frequencies multiples of 
5*5 X 10 4 and 5*5 X 10 5 cyoles per second. Thus if such a crystal 
is made to vibrate by means of alternating voltages of 
suitable frequency, ultra eonic waves will be generated. 

Fig. 160 shows a simple Piezo-electric generator, for the 

--n til production of ultrasonic 

^ waves. Q is a crystal of 

^ <5 _ quartz placed within two 

, -1—-/ £ A .-1 .§ metallic foils AB and CD 

i L -The combination forms a 

f) [ parallel plate condenser 

A ojc Pysr * L with crystal as a dielectric. 

'J| v L_ i U l j- J’' The plates are connected to 

A£i X c eiAra/c „ the terminals of a coil 

< u Li.-im ^ which is inductively coupled 

to the oscillating circuit of a 
three electrode valve. If the natural frequency of osoillations of 
the valve circuit is equal to the frequency of that crystal 
mode which it is desired to excite, resonance occurs and the 
crystal will undergo linear expansions and contractions at 
exactly the. same rate.. In other words the crystal is set 
vigorously into mechanical vibrations. The arrangement may 
be regarded as an eleotrically maintained mechanical vibrator 
emitting sound wave^jf definite frequency or as a mechanically 
controlled valve •soillator generating alternating current of 


| <x u 

PtCZC fU ft ii/u' 
Osc •Li.*rn r ‘ 


Fig. 160. 
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this frequency. With a moderate size quartz crystal ultrasonic 
waves of frequencies of the order of of)i)00 cycles/sec. can be 
produced. In order to detect ultrasonics Kundt’s tube, sensi¬ 
tive flames and thermal detectors are used. Langevin used the 
quartz crystal mentioned above for their detection. Electric 
charges are produced on the pair of faces that are perpendicular 

to those that receive the ‘ultrasonics'. 

♦ 


222. Applications of Ultrasonics: — 

(1) Velocity of Sound in Liquids.— Ultrasonics have been 
used for determining the velocity of sound in liquids which are 
available in small quantities. Such determinations reveal 
many Physico-chemical characteristics ol the medium such a9 
compressibility, chemical structure, concentration, specific heat, 
etc. 

(2) Elastic Symmetries of Crystals- —A liquid or solid 
traversed by an ultrasonic wave system acts od Light like a 
diffraction grating, the lines of compression being lines of 
greater densitv. If ultrasonic waves are thus applied to aniso¬ 
tropic crystals, they give rise to interference images which 
reveal at one glance the elastic symmetries of the crystal. 
Bergmann who shows some beautiful pictures of this type in his 
book on ‘Ultrasonics’ emphasizes that one and the same sample 
yields atonce a complete system of all constants in a way not 
obtainable in any previous method. 

(3) Sound signalling - Detection of submerged sub- 
marines icebergs, depth of sea. etc.-Langevm used a special 
Woe “ quartz crystal transmitter. He generated ultraaon.es 
of 38 000 cycles per sec. This could easily be done by taking a 

q ' ,art d Z ° f £T Ultr k “onie°bIara d is^ent^rom* such T ‘Lt 
^"he instant^of jU^erat^U « ^ the 

movement of a spot of a li c reflection from the 

star 

receiving circuit and acts as e ^ ^ ^ t b rown on the 

causes vibrationB j^rval between the two throws is 

TuVtS inJsumd by a mechanism similar to that used » 



TREVELYAN ROCKER 



sound ranging equipment. And knowing the velocity of pro¬ 
pagation of the ‘ultrasonics’ in water, the depth is calculated. 
Thus by the combination of the»e apparatuses (Quartz crystal 
used as a transmitter and receiver), it is even possible to signal 
to a distant ship, determine the presence of a submerged subma¬ 
rine or a hidden iceberg. The principle of sending out ultra¬ 
sonic waves and measuring the reflection time is used in in¬ 
dustry for finding flaws in metal blocks or the level of a liquid 
in a metal tank. 


Recently ultrasonic waves have been employed industrially 

for washing clothes especially silken fabrics and for several other 
purposes. 

(4) Chemical Effects.— Intense ‘ultrasonics' change immis¬ 
cible liquids such as water and oil, or water and meroury, into 

very sUble emulsions. Iron and aluminium hydroxides are 
liquefied by them in the same way as by shaking. 

(5) Biological Effects.—It was also found that smaller 
animals such as frogs, fish etc. were killed or lamed when placed 

m the ul trAsonic field. Yeast cells when exposed to ultrasonic 
radiation, lose their power of reproduction. 


223. Heat-maiotained Sounds. —Under suitable ©iroum- 

nSi, an ; Dt ! rinitt ? nt 8U PP l y° f h ea t fc ° a body may cause a 

Epa/I. Vlbrftt . 10 “ of a P art or who,e of it, and the body may 
produce a musical note of a definite pitch. * * 

R Tr fy e J yan Rocker —Fig. 161 (a) shows a Trevelyan 
Rocker which consists of a prism of brass or copper attached 



t L J. 1(iI * 

o«Uan Ve ofthf ^i8m ball When h th “ gr00Ve throu 8 h ' 

it really rests on P wo eds^of the Pr ' 5m °“ thiB edge ' 

parallel ridges When , the groove whioh serve as two 

nuges. When the rooker is heated and placed on & 
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lead block, and is given a smart tap about a ridge, it continues 
to rock about the ridges, and a musical note is produced. If a 
tinv mirror is attached to the handle of the rocker, and a strong 
beam of light is thrown on it, the rocking can be observed by 
making the reflected beam fall upon a rotating mirror. 

When the prism is slightly pressed while it is rockiDg, pitch 
of the note is raised. What happens is that when one ridge is 
more heavily in contact with the block than the other, heat 
will flow from the rocker to the lead more rapidly via this 
ridge. This heat, will cause the lead to expand immediately 
under this ridge, a bump is produced which tilts the prism 
over to the second ridge. Heat now flows from the prism to 
the lead via the second ridge so that the lead now expands 
tinder it producing a hump as before and causes the prism to 
tilt back on to the first ridge In this way as the heat flows 
from the rocker to the lead via one ridge or the other, a hump 
is produced periodically about one ridge and then about the 
other, the rocker tilting alternately about each ridge. This 
periodic tilting causes a thump on the table and these thumps 
merge into a musical note, the energy being supplied by the 
heat of the rocker. 

The maintenance of the vibrations can be accounted for 
by assuming that there is a slight lag between 
the contact and expansion. Otherwise, the 
approach of the rocker would be checked and 
the motion discouraged to an extent equal to 
its encouragement in its return motion and no 
balance left over for the maintenance of vib¬ 
rations. 

(2) Singing Flame- —On gradually 

lowering a pipe open at both ends (Fig. 

162) of about 3.6 cm. diameter and 30 
cm. in length over a small jet of coal gas, 
we find that when the jet is Dear the mid¬ 
point of the pipe, a musical note is produced. 

The flame actually throbs and sings within the 
pipe, aDd is called a *8ing\ng flame . The 

pitch of the note— where l is the length of 

the open pipe and v is the velooity of sound in 
air. It is found that to obtain a musical note, Fig. 102. 
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the length of the jet tube must be less than half the whole 
length of tbe sounding tube. If we examine the flame in 
a rotating mirror without inserting it in the pipe a continuous 
band as shown in Fig. 163 (a) is obtained, indicating that 
the flame is burning steadily. When the flame is introduced 
into the pipe, on examination it shows a tooth-like 
structure, as in Fig. 163 (6) thus indicating that it bums 
intermittently and its period is the same as that of the note. 
The constancy of the pitch of the note given out by the flame 
is due to the stationary vibrations of the air column inside the 



Fig. 163. 

pipe, which react on the jet tube and set up stationary waves in 
it. The effect of these variations in the jet tube is that the 
emission of the gas, instead of being uniform, is intermittent so 
that the size of the flame and hence also the supply of heat to 
the air near the flame is intermittent. Now when a column of 
air is in vibration and the rise of temperature takes place at the 
moment of greatest compression, the force with which air tends 
to expand and go away from the nodal point to regain its 
normal pressure, is increased and so the amplitude of the air 
particles is increased. If, on the other hand, supply of heat 
occurs at the instant of greatest rarefactions, this will tend to 
resist the return of air to its condition of rest and will, there¬ 
fore, tend to stop the vibrations. Hence to maintain the 
vibrations of air column the periodic increase in the size of the 
flame must occur at the instant when the air near the flame is, 
owing to the natural vibrations in the air column of the 
surrounding pipe at its maximum compression, that is, periods 
of oolumn of gas in the jet- tube and of the column of air in the 
pipe, must be commensurate. It ia evident, therefore that the 
length of the jet tube and the position of the flame bear an 
important part in the phenomenon. In Fig. 162 ; the nodes 
and antinodee for the supply tube are denoted by N l and A x 
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and tho&e for the singing tube by X 2 and A 2 respectively. 


224. Talking Motion Pictures — The commerical develop¬ 
ment of talkies began about the year 1928. In the earlier 
methods the sound was reproduced from a gramophone record 
by means of an electric pick up’. It was then absolutely 
necessary for the record to run at such a speed as to keep step 
with the pictures—a condition often very difficult to realise in 

practice. Nowadays, the sound 



( 6 ) •«*,) 

mwBiC QfHS/rt y>U /4Sl£ 


is recorded in the form of a 
“sound track” Voth inch 
near one edge of the film itself as 
shown in Fig. 164 (a) and ( b ). 
These are two different types of 
sound records. In (a) the edge of 
the blackened part of the sound 
track is the vibration curve. In (b) 
the varying density of the 
blackening on the film gives the 
vibration curve. The former is 
an image of a slit of variable 
area, while the latter represents 
the image of a slit of constant 
area but of variable density. 
Below we describe briefly the 
process of taking these photo¬ 
graphs of sound. 

(1) ‘Variable area’ method.- 

Here light, from a source of cons¬ 
tant intensity (Fig. 16o) after 
reflection from the mirror of an 


Fig. 164. 


oscillograph, fall on a narrow 
slit of a given width placed in 
rent of a film. When the amplified speech current passes 
hrough the loop of the oscillograph, the mirror is 
ocordance with the vibrations of the speech current. Conse. 
Luently the slit is either fully or partially ilium,nated by the 
effected light resulting in an illuminated strip on the film of 


variable area. 
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Fig. 165. 

(2) Variable density’ Method.—In this case a special tvne 
of vacuum tube called an 

*Aeo’ lamp containing a little 
quantity of helium gas, a plate 
and a filament like that of a 
‘diode valve’, illuminates a slit 
in front of the film (Fig. 166). 

Intensity of the ‘Aeo’ lamp 
varies in acoordapoe with the 
speeoh current, resulting in an 
image of the slit with variable 
intensity. Fig. lee. 

from^he °T°L S ?" nd-To re P rodu » the sound 

trom the film record, light from a point souroe after oeintr 

ibo U ut ed J >y of 61,9 Sy l t0m int ° an extremely narrow line of 
about ^5 of an mch in width, is made to illuminate the 

Xkh fTv ' ♦ T l ,! ,engt \ of the br ight line is eqZ to the 
width of the track. As the film runs past this narrow beam 

it vanes the amount of light that falls on a ‘photoelectric cen' 

aDd 60 Produces correspond^ fluctuation* of 

the electric current through the cell. AfterlmplifiSthe 
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varying electric current is carried to the loudspeaker (Fig. 167). 


COKD'HSC* 
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r 


mr. 

use* l» Photo-' 

i~l is 
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S 0 U*K 7 
f/LM 
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AMPl/M£A ^ 
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RJ 
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Fig. 167. 


In actual practice the picture gate and the point where the 
corresponding sound record is illuminated, are not in the same 
horizontal plane, but they are one above the other. In a 
typical machine this distance is 14 1 / 8 \ and therefore the sound 
record is printed 14 1 // in advance of the corresponding picture 
record. Thus while shooting a picture, it will not be advis¬ 
able to take the sound as well as the picture record side by 
side. Sound may be recorded in a room different from the 
studio where the pictures are recorded. Due care must be 
taken to run the two films exactly at the same speed by 
separate motors connected electrically in a manner so as to 
give the same speed of rotation. 

In the modern type of cinema halls, four loudspeakers are 
used generally. Two of th?m are installed in the line of the 
stage and point towards the balconies. The other two are 
kept in a line with the upper edge of the screen and point 
towards the audience in the body of the hall. 


226. Architectural Acoustics. —It was noticed (Art. 99) 
that a sharp clap is converted into a musical sound on account 
of successive and regular reflections from * row of palings. 
Similarly, where sound waves are produced in a big hall they 
spread out, scatter, and strike the surfaces of the various 
objects in the hall such as ceiling, walls, floor etc. Some of 
the sound energy is reflected and some absorbed. The reflected 
portions travel back into the hall, and reunite to form objection¬ 
able cohoes and they produce indistinctness and interfere with 
good hearing. In other words the sound from the source does 
not cease immediately after it is directly received but is 
lengthened out owing to the energy received by oratinuous 
reflections from sneoepgive portions of the etc. Thus the 

original ware on breaking up, wanders about for some time 


SOU HO QtNSirv 
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the air of the hall, and even when the direct pulse has ceased, 

some of the energy 
is still on its way 
from the source to 
the walls and thence 
to the ear, and hence 
the prolongation of 
sound. This persist¬ 
ence of sound is call¬ 
ed Reverberation. The 
time during which 
sound persists is 
called ‘reverberation 
time’ of sound in the 
hall measured from 
the time that the 
Fig. 168. original sound is pro- 

Growth and fall of sound density.] duoed, or in the case 

of a continuous note from the time that the source stopped 
sounding. Obtaining the right amount of reverberation is the 
secret of good Acoustics. 

Let us first see how sound density in a hall varies with 
time, counting time from the instant the sound first reaches 
the ear. The curve shown in Fig. 168 illustrates the growth 
and fall of sound density for u spoken syllable within an 
auditorium. It is exactly similar to the growth and deoay 
curve of the electric current in an inductive circuit. At ‘a’ 
the direct sound energy just reaches the ear. At ‘6’ the 
original sound being still emitted, the sound intensity is being 
reinforced by reflections, the losses due to absorption at the 
surfaces being yet less than reinforcements. At ‘c’ these losses 
are almost equal to the amount of reinforoement, till at *d' 
the intensity on listener’s ears reaches a steady value. If now 
the original sound ceases, the intensity of sound falls off as shown 
by the part ‘e’ of the curve and hence the prolongation of 
sound. If the absorption is large, the intensity falls off quiokly 
and the reverberation time will be small. On the other hand if 
the absorption is small, the reflections will continue for a longer 
interval making the soujjjd ptereief jfor an appreciable time. 
This makes the reverberation tWe T&yge. 
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For obtaining good acoustic properties we should have 
the following conditions :— 

(1) Each separate syllable should produce sufficient energy 
in every part of the hall. 

(2) Sound of each syllable should soon decay so that the 
succeeding syllable may be heard distinctly. 

(3) There should not be present echoes more than neces- 
eary for maintaining continuity. 

(4) There should be no undesirable focussing of sound 
not there should be present zones of silence or regions of poor 
audibility anywhere in the hall. 

(5) There should not be any unpleasant reinforcement of any 
of the overtones, thus resulting in the change of tonal quality. 

So in the designing of big halls, firstly due consideration 
should be given to prevent bad echoes and secondly the right 
amount of reverberation should bo provided. 

W. C. Sabine (1808-1919) an American Physicist who studied 
the whole subject of architectural acoustics scientifically estab¬ 
lished that the standard period* of reverberation is given by 

f ^ 005F 

2 tN i a i 

where V is the volume of the hall in cu. ft. and Sj , S 3 etc. being 
different surfaces in square feet of absorbing coefficients a x , a 2 , 
etc. The absorbing coefficient of any surface is the ratio of its 
absorption of sound to that of an equal area of a perfect absor¬ 
ber such as an open window. The unit of absorption of sound 
is a square foot of open window. Some acoustic absorption 
coefficients for ordinary vocal frequencies are as follows :— 


Open window ... ... 1*00 

Brick wall ... ••• 0 03 

Window glass ... 0-025 

Carpets and rugs ... ... 0*15-0*3 

Curtain ... ... 015 

Inch thick hair felt ... 0 78 

Audience per person ... 0*5 

Wooden obair ... ... 0T7 

Upholstered chair ... ... 03 

Cushion ... ••• 02 

Celotex ... — 036 


•it in the time between the cutting off of a sound to the time at J 
'*hi< h th“ Bound becomes inaudible, oiz., its intensity falls to one 
millionth of its original in^nsitv. 
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As reverberation is dae to repeated reflections, the remedy 
lies in increased absorption which may be brought about by 
having. 


(1) a few open windows, 

(2) maps or pictures hanging from walls, 

(3) heavy curtains 

(4) a good audience (one listener is equivalent to 5 sq, ft. 
of an open window). 


(5) no curved walls or corners bounded by two walls, firstly 
to avoid concentration of sound at one place and secondly to 
avoid ‘dead’ spaces. 


(6) walls covered with absorbent materials such as celotex, 
perforated cardboards, felt, asbestos, coarse cloth, eto., or walls 
engraved and roughened with decorative materials. Porous 
bodies by providing small capillaries absorb a good deal of 
sound energy incident on them and serve very well as sound 
suppressors. 


(7) upholstered seats which will be responsible for absorp- 
tion and would avoid approximately the presence and absence 
of the audience. 


It should be noted that by decreasing time of reverberation, 

steady value of sound also decreases, hence one would nob like 

the sound energy to be too pmall to be audible, i.e., to make 

the room ‘dead’. So the time of reverberation should not be 

decreased beyond a certain optimum value as decided bv 
experience. J 



General plan of the hall 
with 6eate should be 
somewhat like as shown 
in Fig. 169. 

It follows direotly from 
above that in case of a 
room possessing bad 
acoustical properties, the 
person should speak slow¬ 
ly so os to use as little 
volume of sound just to 



314 


A TEXTBOOK OF SOUND 


fill the room. The desirable period of reverberation in seconds 
for halls with full audience is given by the empirical formula, 

<= 0 - 754-0 0175-^~F, where V is the volume of the hall in 
oubic ft. 

It has been estimated that *<’ for halls of 10,000 cubic ft. 
capacity is 103 seconds for speech where each syllable is 
wanted to be heard as distinctly as possible. 

For purposes of music, this may be slightly increased. 


QUESTIONS 

CHAPTER I 


1 What is meant by a simple Harmonic vibration ? How 
are the displacement and acceleration related in such a v.bra- 

ti°n ? ...... 

2. When a mass supported at the end of a spiral spring is 

slightly displaced, it will execute S. H.M. Calculate the periodic 

time. # . 

3. What is the nature of the force that will make a particle 

move in S. H. M. ? What reasons are there for believing that 
the motions that give rise to sound are simple harmonic ? 

4. What is S. H. M. ? Show how it may be represented 
in a diagram of time and displacement. 

5. Demonstrate experiments to show that it is the mechr 
nical vibration that produces sound. 

6. Deduce the differential equation for the Simple Harmonic 
motion of a particle. 

7 . Show that the energy of a particle in ‘o. H. M.* is 
directly proportional to the square of the amplitude and 
inversely to the square of the time-period. 

8. What is meant by Simple Harmonic moiion 1 

A vertical tube of uniform cross-seotion contains water up- 
to a height of 30 cm. Show, that if water on one side is depres¬ 
sed and then released, its motion up and down the tube is Simple 
Harmonic, and calculate its period. [V- U- M**) 


Sol- Let l be the total length of the liquid (say water) 
contained in a U tube of uniform cross-seotion. fl A f 
Let it be suoked np by y cm. on one side say ' m 
to A\ The oolumn will be depressed on the * 

other side also by y om. The difference in A . , 

height on the two sides beoomea 2y om. The J-if 

force acting on the liquid to bring it back t.e., c • '-V ■ i 

B* to B is the weight of the oolumn A'O ».6., 

2ypag, where a is the oross-seotion and p the \ \^ JJ 

density of water. Since tjie total mass of water 

is t&ei acceleration / at this particular instant Kg, 17b. 


Kg, 17b. 
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2ypag 
J ~ pal * 

2 g 

“ x* 

We, therefore, see that acceleration is proportional to displace¬ 
ment y t.e., the motion is Simple Harmonic and the periodic 
time 


T = 2rr A / * 


Here 


Z 


= 30 cm. 

•> 


T=2tt a / ^2 _seconds. 

/ V 981 

9. Show that when a particle is moving in simple harmonic 

motion, its velocity at a distance"^ of its amplitude from the 

central position is half its velocity in the central position. 

10 A body of mass 10 grams executes simple harmonio 

vibrations. The force acting on the body , wbe % tb ° 
ment is 6 cm. is 40 gram wt. Find the period. If the maxi¬ 
mum velocity is 400 cm./sec. 6nd the amplitude and the maxi¬ 
mum acceleration g= 881 om./seo.* in940rm/sec s 

Ans. T—'2457 sec. o= 15’64 cm. /=10230 cm./sec. 

11 . A weight-less spring is hung vertically ' oad “ "*“ 
a mass of 2 oz. and a force of 2 lbs. stretches it Klm. 
period and frequency of oscillation. Ans. 0 32 sec. 

u A mass of 10 gm. executes S.H.M on the end of a spring 

completing 2 oscillations every second. The.““f'd maximum 
motion is 8 cm. Find the maximum velocity 
acceleration. Also calculate the stiffness of the spring a 

total energy of the vibrating maM. . 1280 cm./sec. 2 ; 

Ans. VtnMx —32tt cm./seo. ,jma* q* 

F = 1600 dynes ; k=6 I2X ivr ergs. 

13 An unknown mass, when hung on a light spiral spring 

srw s? 

released. 


QUESTIONS 


317 


14. A particle of mass m, free to move in the xy plane:is 
subject to a force whose components are F x — — kx, F„——*.*!/. 
where h is a constant. The particle is released when f=0 at the 
point (2, 3). Show that its subsequent motion is S. H. M. 
along the line 2y— 3x. 


15. Show that the energy of a vibrating body is propor¬ 

tional to the square of the amplitude of vibration. A particle 
of mass 5 grams is vibrating 15 time9 per second with an 
amplitude of 8 cm. Find (*) its maximum velocity ; (2) its 
energy. Ans. 2407T cm./sec. ; 14'4X 10° ergs. 

16. The amplitude of a S.H.M. is 2*5 cm. and frequency 
64/sec. If the mass of the body executing it be 1*0 grams, find 
the Kinetic Energy when at the middle of an oscillation. 

Ans. 8-2 x 10 s ergs, approx. 


CHAPTER II 

1. Explain the ‘Periodio motion’ and S. H. M. Find 
graphically or mathematically the resultant of two S. H. M.’s 
at right angles to eaoh other, which have the same period and 


7T 


and a phase of — . 


2. Show graphically or otherwise that the resultant 
motion of a particle acted upon by two S.H.M.’s of equal 
periods and amplitudes along two directions at right angles, 

but differing in phase by ~, is oircular. 


3. Two S. H. M.’s having the same period but differing in 
phase are acting in the same direction on a particle. Show that 
the resultant motion is S. H M. and deduoe expressions 
for the resulting amplitude and phase. 

4. Give a general explanation of the manner in which 
LiBsajous’ figures may be produced and observed and how they 
may be practically utilised in acoustical determinations. 

5. Calculate the resultant of two rectangular S. H. M.’s 

whose amplitudes as well as periods are in the ratio of I : 2 
and the phase difference is 00°. (f>. JQ4X) 

.^he resultant of two mutually perpendicular 
S.H.M. e whioh agree in period, but differ in phase. Consider 


* 
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the important cases for phase differences varying from 0 to 2n. 

7. What are Lissajous’ figures ? Give an optical method 
of observing them. 

What type of figure will you get whf>n you compound two 
simple harmonic vibrations whose amplitudes as well as periods 
are in the ratio of 1 : 2 and the phase 4 difference is 90°. 

What will happen if the frequencies are in the ratio of 

100:201. (-P. U.) 

8. Two Simple Harmonic vibrations P and Q of equal 

periods and differing in phase by -Jare impressed on the same 

particle. The amplitudes of P and Q are 4 in. and 6 in. respec¬ 
tively. Find the amplitude of the resulting vibration and the 
phase difference from P. Ans. 7*211 in. ; 0 5882 radian. 

9. Lissajous’ figures are produced with two tuning forks 
whose frequencies are approximately in the ratio of 2 : 1. It 
takes 5 seconds to go through a cycle of changes. On loading 
slightly the fork of higher pitch, the period of cycle is reduced 
to 3 seconds. If the frequency of the lower fork is 400, find 
the frequency of the other fork before and after loading. 

Ans. 799 $ before 799| after loading. 

10 Show that two simple harmonic motions at right angles 

to each other, simultaneously impressed on a body may give 
it an elliptical motion, which under oertain circumstances 

becomes circular. 

CHAPTER III 

1. Distinguish clearly between transverse and longitudinal 


waves. 

/ Which of these cannot exist in a gas and why . 

, 2 Distinguish between wave motion and vibration. How 
is the velocity of a wave related to its frequency ? bhow how 
the wavelength of a wave in air of given frequency changes with 

temperature. . . . f 

propagation^ & of 

propagation^ ^Tw^GilTta detail the mechanical 
process involved. 


IjrKSTIONS 
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4. Starting with the general equation for the harmonic 
wave disturbance, derive the wave equation. 

5. Show how a transverse wave may bo represented by 
means of a curve, and show also how tbo velocity o any 
particle may be found from this curve. 

6. How a longitudinal wave may be represented by means 
of a sine curve ? Distinguish between a displacement ourvo and 
a compression curve. 

7. What reasons are there for believing that sound is 
conveyed by wave motion 1 

8. Deduce the standard equation for wave motion in the 
form 

. 2rr • . \ 

y=a sm --(w—* 

Prove with its help that Particle velocity is equal to wave 
velocity x slope of the curve. 

9. A body vibrating with a constant frequency sends 

waves 18 cm. long in a medium M and 24 nm. long in a medium 
N. The velocity of the waves in M is 90 m./sec. Find the 
velocity of waves in N ♦ A ns : 120 m/sco. 

10. An electrically maintained tuning fork of frequency 70 
is sending out plane waves of amplitude 0 15 cm. bind (a) 
the energy radiation per c.c. and (6) eoergy current per sq. 
cm /sec. (Speed of sound=340 m./sec. and density of 
air~OOOI293 go. per c.e.) 

Aits, (a) 3-36 ergs per c.c. (6) 114 24X 10 s eigs per sq. oin./seo. 

11. Find the displacement of an air particle 3’6 metres from 

the origin of disturbance at <=0 05 second, when a wave of 
amplitude 0 2 mm. and frequency 500 p. p. ». travels along it 
with velocity 350 m/sec. Ant. ■=Zero. 

12. A simple harmonic wave train travelling in the positive 
z direction has an amplitude of 2 cm. frequency of 75 vibrat¬ 
ions /sec. and velocity of propagation 45 m./sec. Calculate the 
displacement, the particle velocity and the particle acceleration 

at *=135 cm. from the origin at <=3 see. 

Am. y=2 cm. ; c=zero cm./see. /*45 x 10* cm /sec. 
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CHAPTER IV 


1. Show that the velocity of waves in a stretched string is 
given by the expression / y/ 2L, where T is the tension and p 

the mass of unit length of the string. Hence deduce an 
expression for the frequency of a vibrating string. 

2. Work out completely the laws of transverse vibrations 
of a string, and show how the diameters of two wires of the 
same material can be compared with the help of a sonometer. 

3. Describe and explain Melde’s Experiment. In an 
experiment it was found that the string vibrated in 5 loops 
when 10 grams were placed in the scale pan. What mass must 
be placed in the pan to make the string vibrate in 7 loops ? 
(Neglect the wt. of the scale pan.) Ann. 61 gms. (P. U. 1933) 

4. Describe how the result for the expression v- 
can be verified experimentally. 


V 


6. Indicate how the laws of vibrations of a stretched 
string can be verified with Melde’s apparatus. 

6. Explain the production of nodes and loops in case of 
strings. 

7. State the laws of vibration of strings, and describe 
experiments to verify them. 

A wire of length 70 cm. and mass 218 gm. is stretched by 
means of a load of 16 kilograms. Calculate the frequency of 
the fundamental vibration. g=98I cm./sec 3 . Ann. 160’3. 

8. A wire 76 cm. long and of mass 1 gm. is making 256 
vibratione/eec. under a tension supplied by a brass weight 
hanging vertically. On immersing the weight in water the 
vibrating length of the wire has to be shortened by 4*45 om. 
to regain its original pitch. What is the density of the brass ? 

Ann. 8’7 gm./c.c. 

9. Show by means of diagrams the possible modes of 
vibration of a stretohed string. 

10. Write down the equation of motion of a stretohed 
string and find an expression for the velocity of a transverse 
wave travelling along the string. (P • U. 1935) 
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11. Obtain an expression for the velocity of transverse 

vibrations along a stretched string, and thence deduce the 
frequency of a string vibrating in p segments. ( P . V . 1937) 

12. Prove that the velocity of waves on a stretched string 
is -?L. Hence find the period of vibration of a string 

when giving out its fundamental note. If an addition of to 
lbs. to the tension of a string raises its pitch a fifth, what was 
original tension. Ans. T = 20 lbs. (P. U. 1946) 

13. The E string of a violin is 36 cm. long and has a mass 

of O'15 gm With what tension must it be stretched if tuned 
to 660 vibrations for its fundamental. Ans. 9*59 kgm. 

14. Calculate the tension to give standing waves with three 
loops in a string 90 cm. long, ‘ weighing 0 4 gm. and hanging 
from a fork vibrating 150 times per second. Ans. 91*7 gm. wt. 

lu. Calculate the velocity of the transverse wave in a copper 
wire 1 mm 2 crossection under the tension produoed by 1 kgm 
wt. (S. G. of copper=8 93). Ans. 33*12 m./sec. 

16. If a string 80 ft. long weighs *05 lb., with what force in 
pounds must it be stretched in order that a transverse wave 
would travel its length in 0*1/sec. Ans. 12*5 lbs wt. 


17. Four violin strings all of the same length and material 
but of diameters in the ratios 5:4 : 3 : 2 are to be stretched so 
that each gives a note a true fifth above the preceding. Com¬ 
pare the stretching forces necessary. Ans. 400 : 576 : 729 : 729 

. ^ steel wire 36 in. long and 0'02 in. in diameter is 

in unison with a fork of pitch 200. A second steel wire 24 in 
long and 0*025 in. in diameter is stretched with the same force, 
hind the frequency of its fundamental note. Ans. 240. 

19. In a Melde’e experiment a string vibrated in 3 loops 

when 8 grams were placed in the scale pan. What mass must 

<r h ® u r E? n t0 make the 8triD 8 vi ^ate in 5 loops 
(negleot the weight of the scale pan). ' Ans. grams. 

mode ^P® rfor . mm 8 Meld e’0 experiment in the longitudinal 
vibration the string divides into 4 segment* with a 

the 8 s h trinff t^vih?? 3 '* wei 8 ht must be oarried to cause 

will bTnr^oS t an ? 6 Segments ? Ex P lain what effect 
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Ans. 25f gm ; 17| gm ; Tension must be increased four 
times to produce the same number of loops. 

21. Two strings are stretched side by side on a monochord 
tuned to g and g\ If either string is sounded and then 
silenced, the other will be*found to be sounding o'. Explain 
this. 


CHAPTER V 


1. Explain as far as you can the mode of propagation 
of sound through air. 

2. Obtain an expression for the velocity of sound in a gas. 

How does the velocity depend on humidity, temperature and 
pressure ? ( P. U. 1948) 

3. What is Newton’s expression for the velocity of sound 
in a gas ? How did Laplace modify this expression, and 
why ? 

4. Derive an expression for the velocity of sound 
in a gas, and hence show that the change in the velooity of 
sound in air is about 0*6 metre per degree (centigrade) change 
in temperature. (Velocity in air at 0°C=330 metres/sec.) 


5. Derive an expression for the velocity of sound in a gas 

in terms of its pressure and density. Prove that J’ = c zr » 

where V is the velocity of sound in a gas, c the root mean 
square velocity of its molecules, and y the ratio of the two 
specific heats. 


6. Derive an expression for the velooity of sound in a 
liquid and describe an experiment to determine it. (P.U. 1942) 

7. Calculate the velocity of souad in air at 0°C and 

pressure of 760 mm. of mercury ; given that the corresponding 
density of air is 0001293 gm./c.c. 0=981 cm./sec 1 , and 
S. G. of mercury is 136. Ans. 331 2 metres/sec. 

8. If the velocity of sound in Hydrogen at 0°C is 4200 ft. 

per second, what will be velocity of sound (at the same 
temperature) in the mixture of two parts by volume o 
Hydrogen to one of Oxygen? (The density of Oxygen is 
times that of Hydrogen). Ans. 1 < P4 ft./seo. (C. •) 

9. Find the temperature at which sound travels in 
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hydrogen with the same velocity as in oxygen at 1000°C. 

An s. — 193°C, 

10. At whst temperature is the velocity of sound in oxygen 

equal to its velocity in nitrogen at 30°C given that the atomic 
weights of the gases are 16 and 14 respectively. Ans. — 8°C 

11. Calculate the velocity of sound in air at 20°C and 1*1 X 10® 
dynes per cm* pressure given that density of air atO°C and 10® 
dynes per cm. 2 pressure is 0 00122 gm. per cm 3 . (y = l*41.) 

An 8. 352-2 m./sec. 

12. The velocity of sound in a tube of air is found to be 1090 
ft./sec. at 0°C. Calculate the velocity in the same tube when the 
temperature is raised to 30°C ; (a) if the air is not allowed to 
escape from the tube and (6) if the pressure is kept constant. 

Ans. (a) 1160 ft./sec. (5) 1150 ft./sec. 

CHAPTER VI 

1. Obtain an expression for the resultant of two wave- 
trains travelling along the same direction, with the same 
velocity and amplitude, but of slightly different frequencies, 
and explain its meaning. 

2. Distinguish between beats and combination tones. 

3. A tuning fork A, of frequency 256 oyclee/seo. produces 

4 beats per sec. with another tuning fork B. When the prongs 
of the folk A are loaded with one gram wt., the number of 
beats is one per seo., and when loaded with 2 grams wt., the 
number of beats becomes two per second. What is the 
frequency of the fork B \ Explain why the number of beats 
increases under the greater load. (p. U.) 

4. Describe and explain how combination tones are 
produced. 

5. Investigate mathematically the phenomenon of ‘beats’. 
Differentiate carefully between the phenomena of ‘beats’ and 
that of interference. Give examples of each. (P, 17. 1944) 

. W^at are combination tones ? What are the theories 
of their origin ? Show how two tuning-forks can be tuned to an 
exact octave by making use of the existence of combination 

tones - (P. U. 1946) 

7. Explain and illustrate by a diagram the occurrence of 
beats when two forks of nearly the same pitch are sounded 
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together. How would you determine which fork is vibrating 
faster ? ( C .U.) 

8. Write short notes on the following :— 

(a) Interference of sound waves, (6) Beats, (c) Combination 
tones and ( d ) Silence zones in the neighbourhood of a fog siren. 

How can the existence of these phenomena be shown ? 

(C.U.) 

9. Describe some methods of experimentally demon¬ 
strating the phenomenon of interference. 

10. A tuning fork is struck and then slowly rotated about 
its stem. Explain the changes in the sound heard during 
one complete rotation of the fork. 

11. Two tuning forks whose pitches differ by three vibrations/ 
sec. are set in vibration simultaneously. Describe and ex¬ 
plain the character of the resulting sound. 

12. Two tuning forks make 10 beats in 3 seconds when 

sounded simultaneously. One fork makes 384 vibrations per 
second and the beats cease when the other fork is filed a bit 
at the end of the prong. What is the frequency of the second 
fork ? ' Ana. 380§. 

13. Two tuning forks A and B give 4 beats per second. On 
loading A slightly we get 3 beats in 5 seconds, what is the 
frequency of A before and after loading of that of B is 256. 

Ana. 260 before loading and 25 6 3 after loading. 

CHAPTER VII 


/ 1. Distinguish clearly between progressive and stationary 
waves. 

2. Explain the phenomenon of stationary waves when 
two trains of exactly similar waves are travelling along the 
the same string from opposite directions. Obtain an expression 
for the distance between two nodes. 

3. Give the theory of the formation of stationary waves. 

Disouss their formation in a pipe which is closed at one end 
and in one which is open at both ends. (P- 1943) 

4. Explain the manner in which reflection of a transverse 

wave ocours when the wave reaches a fixed point in the string. 
Show, with the help of diagrams how stationary waves are 
formed in a string. (P- 
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o. Show how stationary vibrations are produced in air ? 
What are their properties ? 

Explain, in a general way, how reflection of sound takes 
place at the open end of a tube. 

6. Give a general account of the distribution of energy in 
a progressive wave and a stationary vibration. ( P. O. 1947) 

CHAPTER VIII 

1. Describe with illustrative examples the phenomenon of 

the reflection and refraction of sound. (P. U. 1941) 

2. Give some examples of shadows in sound. Explain 

why sound shadows are generally not so well marked as those 
of light! (C.C7.) 

3. Explain the production of echoes. 

A gun is fired on a sea shore in front of a line of cliffs. A 
man standing 300 ft. away from the gun and equidistant from 
the cliffs notices that the echo takes twice as long to reaoh him 
as does the direct report. Find by calculation or graphically 
the distance of the gun from the cliffs. (C. U.) 

Sol. LK is a line of cliffs. G is the position of the Gun, 0 
that of the observer such 
that OL=OG =300 ft. 

To obtain the path of - 1 

the sound reflected from V Vs v. 
the cliff drop OK ± to LK \ 
and produce it to N so \ 
that KN=OK. Then N is \ 
the acoustical image off?. \ 

Join NO intersecting LK \ 

in Af. Join QM. Then - x _ 

obviously OMO is the path a, _* __> N 

of the reflected sound. It “ Fiff 171 * 

is required to find the distance OK. Let it be *. ’ 

theeclT the time UkeD by the direct re P orfc » twice that of 


OM +Af0«20<?=600 ft. 
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Also GM=NM .*. NM+MO or 770=600 ft. 

From O drop OH 1 KG produced. 

In the Tight /_d. triangle OHG 

OH^OG'-nG^OGt-iHK-GK)* 

= (300r-(300-z) 3 .(*> 

In a right /_d. triangle OHN 

OH i =H0 2 -HN i =KO i -(HK-)-Ky^ 

=r(600)*-(300+x)*.(») 

From (f) and (ft) we have 

(300)*- (300—z) 8 = (600)*- (300+i)* 
or (300+a:)* — (300—z)*=(600)*—(310)* 

eT 600X2^=000 X 300 

900X 300 
2:3 600x2 

= 225 ft. 

4. Explain why a whisper at some point in a large room 
can sometimes be heard distinctly at some other point. 

5. How do you prove directly the laws of reflection of 
sound. 

6. Discuss and explain the laws of refraction and reflection 
of sound. 

7. Describe an experiment by which the refraction of sound 
can be demonstrated. 

8. flow do you account for the following : 

(o) Sounds travelling with the wind ore better heard than 
those travelling against it. 

(6) Sounds of explosion are heard up to a distance of nearly 
60 miles, followed by a zone of silence and again beard at a 
distance ol about 100 miles. ("• G. woo) 

9. Compreesional wave impulses are sent to the bottom 
of sea from the ship and the echo is heard after 1’ 4 5 seconds 
Calculate the depth of the sea assuming that mean temperature 
ol water is 4*C and ils bulk modulus 2'2 X lO dyne^sq. m^ 
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10 A person standing at the end of a row of pailings 
9 inches apart emits a sharp sound which is echoed from 
the pailings. What is the frequency of the note resulting 

from the series of echoes ? Velooity of Sound=1120 ft./'seo. 

Ans . 747 approx. 

11. Two men half a mile apart stand at the same distance 

from a vortical hillock. One of them fires a shot and the other 
hears the echo 3 seconds after hearing the direct sound. Find 
the distance of the men from the hillock assuming the velocity 
to be 1120 ft. per second. How will the interval between two 
sounds be affected on a hot or cold day ? A ns. H98 yds ; 

12. A train is approaching a tunnel surmounted by a 
cliff and the driver sends a short whistle when one mile away. 
The echo reaches him 9 seconds later. Find the speed of 
the train ! Velooity of Sound = 1120 ft./sec. 

/Ins. 36 A miles/per hour. 

13. A person drops a stone in a well and hears the splash 

4- 3 a 6 - seconds later. How deep is the well ? Take the velooity 
of sound 1120 ft./sec. Ans* 266 ft. 

CHAPTER IX 

1. Explain :—Free vibration, forced vibration and reso¬ 
nance, giving two examples of each. 

How is the principle of resonance used to analyse a complex 
note f 

2. Describe with illustrative examples, the phenomena 

of forced vibrations and resonance. How are vibrations 
maintained in a flue organ pipe ? (P. U . 1940) 

3. Explain the meanings of. and distinguish between Free, 
Forced and Resonant vibrations, giving examples. 

State in general terms the effeot of a periodic force in 
producing vibrations in an elastic body. (P. U. 1945) 

4. Discuss the phenomenon known as ‘the sharpness of 
resonance’, and explain upon what factor it depends. 

6. Explain why is it that when the handle of a vibrating 
tuning-fork is pressed against a thin wooden board the intensity 
of sound is greatly increased. 

6. Describe and explain the phenomenon of. resonance. 
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Why is it that a tuning-fork will resound to another tuning-fork 
only when the tuning is exact while a column of air can resound 
even when imperfectly tuned. (P. U. 1934) 

7. Discuss the action of the sound board to which a 
vibrating string is attached by two pins. 

Indicate how Melde’s experiment illustrates the difference 
between the mode of vibration of the pins and that of the 
sound board. U * 1945) 

8. Explain carefully what is meant by forced vibration. 
How does the amplitude of a forced vibration depend upon 
the frequency of the vibrating body. 

9. Describe a Helmholtz’s resonator and find an expression 

for its frequency. . 

10. Explain the terms : damped oscillations, coefficient ol 

damping, mechanical impedance, velocity amplitude and reso¬ 
nance catastrophe. 

11. Give mathematical theory of the phenomena of forced 
vibrations and resonance. 

12. Distinguish between free and forced vibrations. State 
the** conditions necessary for the production °f t-he f orc e d 

vibrations. U ' iyoU) 

CHAPTER X 


1 . Distinguish between noises and musical sounds. What 
are important characteristics of a musical sound ? Explain 
clearly the difference between each. 

2. Define pitch and quality of a musical note. Explain 
how they are represented in the wave-curve. 

3 Explain clearly the chief characteristics of a musical 
sound, and show how'can they be determined accurately. 

4. Explain Doppler’s effect due to source and listener in 


motion. in the absence of wind, a given 

speed of Tpprich of source raises the apparent p.tch more 
than the same speed of the listener. 

0 Show that if the source moves away with the veloci_y 

sound from an observer who is at rest, the frequency of the 

note heard is halved. 
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7. A locomotive whistle emitting 2000 wav^ec.^moviog 

towards you at the r ateof6 ^ appar ent pitch of 

rr r;rf 

(velooity of sound m air=1088 It./sec). 

q Find the velocity of the car with respect to a stationary 

per^e^whenVhe cm-'pi^s^him^'Tbrra^mii^ts^a^note wtth > °» 

frequency of 1000 vibrations/seo. and the velocity 

1142 ft./sec. . 

10. A spectrum line, of wavelength 4X10 cm. m the 
spectrum of light from a star is found to be displaced from its 
nomal'position towards the red end of the spectrum by an 
amount equivalent to 10" 8 cm. What velocity of the star in 
the line of eight would account for this ? (Velocity of hgh 
=3 x 10 5 kmf/sec.) Ana. A velooity of recession of 75 km./sec. 

11. How is it possible to calculate the velocity of sound in 
air from a projectile 1 

12 Give the arrangements for driving a tuning-fork 
electrically, explaining clearly how the vibrations are main- 

tained. 

13. State Fourier’s theorem, and apply it to analyse a 
compound curve. 

14 Give Hel caholtz’s analysis of complex sound by the use 
of his resonators in order to test the validity of Fourier’s 

theorem. 

15. How can you deteot the presence of harmonics in a 
musical note and what are their functions 1 

16. Explain the chracleristics of the vocal organ in mao. 

17. State briefly the theories as to the nature of vowel 
sounds. 

18. What is that enables us to distinguish between the 
sounds of the different vowels when we hear them, and how do 
these differences arise 1 
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19. Describe briefly the anatomy of the ear and physical 
principles involved as regards its power of analysing complex 
vibrations. 

20. Discuss fully how tbe apparent pitch of a sound is 
• ff* cted by (a) motion of source, and (b) motion of observer. 

A train approaches a stationary observer, the velocity of 
ihe train being -/ 0 th of the velocity of sound, and a sharp blast 
is blown with the whistle of the engine at equal intervals of a 
second. Find the interval between the successive blasts as 
heard by the observer. Ans. 0 95 sec. (P. U. 1946) 

21. A man standing by a railway track notices the change 

of pitch of the note due to the whistle of an engine as it passes 
him. If the frequency of the whistle be 256 vibrations/sec. 
and tbe velocity of the engine be - 2 l 0 -th of that of sound, what 
will be the frequencies of the notes "heard by the man before 
and after the engine passes him? ( C . U.) 

Ans. 269 47 ; 243-8. 

22. If a vibrating fork is rapidly moved towards a wall, 

beat9 may be heard between the direct and reflected sounds. 
Account for these, and calculate their frequency, if the fork 
makes 512 vibrations per sec. and approaches the wall with a 
velocity of 300 cms./sec. The velocity of sound may be taken 
as 330 metres/sec. (P. U. 1932) 

Ans. Frequency of beats=9*3/seo. 

23. The whistle of an engine moving at 30 miles/hr. is 
heard by a motorist driving at 15 miles/hr. and estimated to 
have a pitoh of 500. What must be the actual pitch of the 
whistle to the nearest whole number when, 

(а) the two are moving in opposite directions but 

approaching each other. 

(б) the two are moving in opposite directions but 

away from each other. 

(c) the two are moving in the same direction, the 

motorist being behind the eDgme. 

( d) the two are moving in the same direction, the 

motorist being in front of the engine ? 

(Velocity of sound=1200 ft./sec.) (P. V. 1937) 

Ans. (a) 473/sec. (6) 528 /seo. 
(c) 508/sec. (<f) 491/sec. 
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[Note *.—Take velocity of sound 1120 ft./see. unless other¬ 
wise stated.] 

24. Describe Doppler effect in sound. Show how the frequency 
of a note is affected by the motion of an observer towards or 
away from the source. 

A motor-car travelling 30 miles per hour, is proceeding 
towards a high building. If the frequency of the note produced 
by the horn is 600, what would be the pitch of the note heard 
by the driver after reflection from the building ? 

Ana. 649-2. (P 6 . U. 1949) 

25. How does the intensity of a sound depend upon the 
amplitude of vibration of the source ? What is a decibel ? 

26. The intensity level of a sound is increased by 10 

decibels. If the original intensity was 1 -e watt/cm.* WhAfc is 
the new intensity 1 Ana. JO ” 5 watts/cm*. 

27. What is Helmholtz’s theory of the quality of a musical 
sound 1 Explain carefully how did he verify his conclusions 
experimentally ? 


28. Two sounds have intensities of 20 and 2000 g watts/cm 2 

respectively. How many decibels is the one sound above the 
ofc her ? Ana. 20 decibels. 

29. Two persons A and B some distance apart both blow 

whistles of pitch 300. An observer in between them and 
travelling towards A hears 4 beats’sec. How fast is he 
travelling ? Ans . 7 .ft ft../ S eo. 

xl, _ __ T_ 1 1 ^ i *i •« • ._ ^ | _ in air for the 

threshold of audibility and the threshold of feeling assuming 

pressure amplitudes as 2 X 10~* dyne/om.* and 200 dvnes/om » 
respectively. ^ ' 

(Take P-P-*- and velooity of sound=340 m./eec.) 

p =0 00122 gm. per o.o.. 

Ana. 2'26x 10~ s ran, ; 2'25x 10 _l cm. 

. ™ ‘ 5 ° i n ‘r ifc y, of 80und {or P^ne waves with 

f. ? ree ? ro dynes/om.* and the number of deoibols 

pU.^ b ° Ve - h6 .v hr 6 l h0ld . 0f aud >bility and the amount of 

ea ? h square metr ® of a wave front P■ per 
minute. Velocity of sound=340 m./seo, p=000122gm. per o o 

4ns. 93-8 ; 7-23 xlfr> ergs. 
32. A tram Is approaching a vertical cliff at 60 miles per 
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hour. The driver sounds a whistle of pitch 600. What will 
be the pitch of the echo as heard (1) by the engine driver 
(2) by an observer who is stationary. 

Ans. (1) 685*2 (2) 542 6. 

33. A train travelling at the rate of 40 miles per hour 

blows a whistle, the pitch of which is 384. What will be the 
pitch of the note heard by a listener in a train travelling towards 
the first at the rate of CO miles an hour ? Ans. 437. 

34. An Engine which blows a whistle of pitch 400 moves 

past a stationary observer with a velocity of <*0 miles per hour. 
Find the difference between the pitches of the notes heard on 
approach and recession. Ans. 63'2. 

35. An engine, travelling at 60 miles per tumr passes an 
observer at rest. If the frequency of the note heard is 580 
per second when the engine sounds its whistle while moving 
towards the observer, what is the frequency of the note 
which will be heard when the engine is receding ? 

(Velocity of Sound in air is 1100 ft./sec.) Ans. 494. 

36. State Ohm’s law regarding the Physical basis of pure 

tones. , _ _ . r . 

Explain carefully Helmholtz’s synthetic method of verifying 

the quality of a note. 

37. Compare the resolving power of the ear with that of the 
eye and state the limitations of the former. 

38. Define the terms Intensity of sound and pressure 
amplitude. How are they related ? 



wave 

cm. given 


velocity of sound 340 metres/sec. 

• Ans. pressure amplitude=2x 10"* dyne/cm.* 

Intensity=48"2 X10 -11 ergs per sq. cm. per sec. 

39. Desoribe the human voice organ as a musical mstru- 

ment. . 

40 What constitutes a musical sound ? What expenmen a 
would you perform to demonstrate the Physical nature o 

intensity, the pitch and the quality of a m i (P U. 1949) 
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CHAPTER XI 

1. Describe an organ flue pipe. If two such pipes of the 
same length are sounded, the one open and the other closed, 
how do the notes differ from each other ? 

2. Show clearly the relation of harmonics which are obtain¬ 
able from closed and open organ pipes. 

3. Distinguish between overtones and harmonics. Give a 
few instances of overtones that are not harmonic. 

4. How can the existence of nodes and antinodes in a 
sounding organ pip© be demonstrated ? 

5. Describe the manometrio flame apparatus. What 
information does it give as to the nature of a sound ? 

6. An open organ pip© produces 8 beats/sec., when sounded 
with a tuning-fork of 256 vibrations/seo. the fork giving the 
lower tone. How much must the length of the p*pe be altered 
to bring it into unison with the fork 2 . 

Velocity of sound=344 m./sec. 

Ana. Increase of length by 2*03 cm. 

7. How can the existence of nodes and antinodes in a 
sounding organ pipe be demonstrated ? 

8. Explain fully the theory of reflection from the open and 
dosed end of a pipe. 

9. What is meant by ‘end correction’ ? Discuss its effect 
on the pitch and quality of a Dote given out by the pipes. 

10. Describe and explain the various methods of timing 
organ pipes. 

11. A closed brass pipe emits a note of frequency 512 at 0°C. 

If the coefficient of linear expansion of brass is 1*87 x 10“ 5 per 
°C, determine the pitch of the note at 20°C. Ana. 530*5 

12. Two organ pipes give 6 beats ppr second when sounded 

together in air at 10°C. How many beats will be produced 
when temperature rises to 24°G ? Ana. 6*15 per sec. 

13. Describe the action of a mouth piece of an organ flute 

pipe, and show that an open end pipe will produce sounds 
rioher in overtones than a closed one. (P. V. 1937) 

14. A tuning fork of frequency 440 vibrations per second is 
to be mounted on a wooden box (with one end open) to rein- 
foroe its sound. How long should be the sounding box ? 

Ana. ft. 
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15. Determine the length of an organ pipe that is closed at 
one end if it is to have a frequency of 264/sec. Also calculate 
the frequencies of its first two overtones \ 

Ans. l ft. ; 792 ; 1320. 

16. In a velocity determination experiment with a resonance 

tube, the first and second resonance columns with a tuning fork 
of frequency 512 per second are 6 2 in. and 19 2 in. Calculate 
the velocity of sound. *4«s. 1109£ ft./sec. 

17. Four beats per second are heard between the funda¬ 
mental notes of two open organ pipes when sounded together. 
If tie length of one of them be 5 ft. find that of the other. 
Take velocity of sounds 1120 ft./sec. Ans. 4|$ ft. or 5- s ® 7 - ft. 

18. Explain carefully the effect of the correction for the 
open end on the relative frequencies of the overtones of a pipe. 

Why the note of a wide pipe contains fewer overtones than 
a note of a narrow pipe ? 

19. A closed end pipe 1 ft. long resounds to the lowest note 
produced by an open pipe 2 ft. long and 4' in diameter. What 

is its diameter ? Ans. 2 . 

20. Two open organ pipes 2 ft. and 4 ft. long when sounded 

together produce 3 beats per second. If the diameter of the 

shorter pipe be 4 in., calculate that of the longer. Take 

velocity of sound = l 135*2 ft. /sec. Ans. 6 . 

» * 

CHAPTER XII 

1. Consider in general terms possible modes of vibration’in 
case of a rod fixed at one end, the other end being fr^e. 

2. Explain with diagrams the nature oi the vibrations of a 
tuning-fork. W T hat special features make it a valuable instru¬ 
ment in the scientific study of sound. 

3. Consider thejnodes of vibration of bells. 

4. State how the presence of overtones in the sound of (a) 
a closed organ pipe and (6) a bell, may be observed a D d their 
pitches determined. Explain clearly the difference m 
nature of the tones in the two cases. 

5. In what way would you expeot the rise of temperature 
to afftot the frequency of a tuning fork and wh) ? 

C. Obtain the relation for the period of vibration of an 
elastic body deduced by the method of dimensions. 



QUESTIONS 

A wooden rod 6 ft. long clamped in the middle and rubbed 

with a reBined piece of leather is in unison with the fund amen a 
of an open organ pipe 11 inches long. Find the v *}° c '* 
sound in the rod, temp, being 20°C. Ans. 6 0 •/ • 

8. Two tuning forks have the same proportions and are 
made of the same material. One of the forks is a fourth ig er 
than the other. What is the ratio of their weights 1 

9. What are Chladni’s figures ? Describe the modes of 
vibrations of plates both circular and rectangular when dampen 
in the centre. 

10. Describe the change in the position of nodes which 
progressively occurs as a bar is bent more and more from e 
straight form to a U-shaped one. 

CHAPTER XIII 

1. Explain the sensation produced when two notes sounded 
together are in unison, and then the frequenoy of one of them 
in gradually increased until it is an octave above the other. 

2. What are concord and discord ? Discuss the relation¬ 
ship between the frequencies of two notes which cause them 
to be discordant when sounded simultaneously. 

3. Give an account of Helmholtz’s theory of consonance. 
Two tuning forks nearly an octave apart and free from overtones 
give beats when sounded together. What is the cause of beats ? 

(P. U. 1947) 

4. Compare the consonances of an octave 2:1, fifth 3 : 2, 
and a fourth 4 : 3. Give a brief account of Helmholtz’s 
theory of oonsonance and dissonance. 

6. A major tone is given (l) on two hautboys and (2) one 
note on a clarinet and one on a hautboy. Explain the different 
degrees of dissonance. 

6. Explain the terms ‘Consonance* and ‘Dissonanoe’, 
Briefly desoribe the conditions under which concords and 
disoords arise between two notes of different frequencies. 

CHAPTER XIV 

1* Explain what you understand by the mnaical interval 
between two notes! What intervals are used in the diatonic 
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scale ? What is temperament, and why is the tempered scale 
used in keyed instruments. 

2. Distinguish between the diatonic scale and scale of 

equal temperament and show how each has been built up. 

(C, U.) 

3. Wbat is mean tone temperament ? Show how it has 
been built up. 

4. Write a short essay on musical scales. 

5. What is a diatonic scale ? Explain its musical basis. 
How does the scale used in harmonium differ ftom it ? 


6. Explain what is meant by a musical interval. What is the 

interval between two steel strings of equal length, and diameter 
when stretched with 2 kgm. and 4 5 kgm. Ans. a fifth. 

7. What is the interval of a fifth, a fourth, a major third 
and a semitone ? What is the difference between the intervals 

of a major and minor tone ? 

Ans. 3 : 2 ; 4 : 3 ; 5 : 4 ; 16 : 15 ; 80 : 81. 

8. What do you understand by temperament ? Describe 
the scale of equal temperament and discuss its merits and 
demerits relative to the major diatonic scale. 

9. Assuming the frequency of the note C to be 264, find 

the frequency of the note F on the diatonic scale and on the 
scale of equal temperament. Ans. 352 ; 352*4. 

10. The frequency of the middle C of a musical instrument 
is 256, find the frequency of A, upper A and lower A. 

(For an equally tempered scale.) Ans. 430*4 ; 860*8 ; 215 2 

11. Assuming that the strings of a violin are exactly of the 
same length, diameter and material and they emit notes 
g> d\ a\ e % when bowed. Compare the tensions m the strings 

given that the frequency of the note C is 256. 

Ans. Frequency ratios : 384 : 576 : 854 : J -80 .... 

Tension ratios : 1 : 2*2o : 4 94 . 11 Al. 

12 What is a Comma ? Show that the fourth and the 
major third of the equal temperament are sharper than the 
true fourth and third by * and * comma respectively. 

13 Show that on the Scale of Equal temperament lO three 
major thirds make an octave (it) the fifth is flatter by - 1X 
comma than true fifth. 
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1<4. Show that an equal temperament minor third is about 

comma flat bv using the fact that four equal temperament 
minor thirds make an octave. 

15. The pitch of the whistle of an Engine falls from C to B 

on the major diatonic scale as it passes a stationary listener. 
Assuming velocity of sound to be 1120 ft./sec. find the speed 
of the engine Ans. 50f$ miles per hour. 

16. Two aeroplanes are approaching each other at the rate 

of 200 miles per hour. To a listener in one aeroplane, the pitch 
of the whistle of the other appears to be that of note F in the 
scale of key note 264. Find the actual pitch of the whistle if 
velocity of sound is 1120 ft./sec. Ans. 206 approx : 

CHAPTER XV 

1. What are the essential parts of a musical instrument 
regarded from the scientific point of view ? Explain their 
action and importance with reference to a flute. 

2. What are the main classes of musical instruments 1 
Describe briefly their chief distinguishing oharacterics. 

3. Describe the principle and working of: (1) a Bitar 
(2) a pianoforte. In what essential respects do a sitar and a 
pianoforte differ. 

4 Explain the principle and use of Helmholtz vibration 
Microscope. How has it been used for the study of the motion 
of a violin string ? 

6. Explain the aotion of a violin bow and describe the 
modes of vibration of a string of a violiD. 

6. Explain in a general way how the quality of the note 
of a pianoforte is affeoted by ; (1) the point struck, (2) the 
shape of the hammer and (3) the hardness of the hammer. 

7. How is the sound produoed in a brass instrument ! 
Discuss some features common to them all. 

8. Write note on the following :— 

(1) Harmonium, (2) Veena 
(3) Clarinet, (4) Tabla 
(6) Human voice organ. 

9. ^Describe how organ pipes with out reeds speak and 
account for the different qualities of tone of various pipes. 
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10. Discuss the arrangement and tuning of organ pipes 
with or without pipes. 

11. How do you account for the difference of quality of the 
notes emitted by a pianoforte, a flute and a tuning fork, the 
nominal pitch being the same in each case. 

CHAPTER XVI 


1. Mention the different factors or sources of error that 
influence the velocity of sound as determined bv open air 
observations, and explain how they are corrected in order to 
obtain an absolute value. 


2. Describe an arrangement used in a modern outfit for 
the determination of the velocity of sound in open air. 

3. Describe Colladon and Sturm’s method to determine 

the velocitv of sound in water. 

% 

4. Explain the theory and the method of finding the 
velocity of sound in air by the resonance column. 

6. Calculate the velocity of sound in dry air at 0°C and 
760 mm. pressure from the following data, supposing the 
density of moist air inside to be *00120 gm. per c.o. 

Length of air column for the 1st resonance=33 cm. 

„ „ „ „ 2nd „ =101 6 cm, 

Temp, of air inside the tube=30°C 
Barometric height (corrected) = 700 mm. 

Frequency of the fork = 256 
Density of dry air at 0°C= 001293 gm. 

Avs. 335 1 metres per sec. 


» 


6. Describe in detail an experimental arrangement 
(Kondt’s apparatus) for comparing the velocity of sound in 
gases. Why is it unsuitable for finding the absolute velocity 
of sound in a gas ? 

7. Give some acoustical methods of finding the coefficient of 
longitudinal elasticity. 

8. How do you use Kundt’s apparatus for finding the 
ratio of the specifio heats of a gas ? What other determina¬ 
tions could be made with the help of Kundt s tube t 

9. Give briefly two methods by which the velocity of 
sound in carbon dioxide could be found. 
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10. Explain the stroboscopic method of finding the 
frequency of a tuning-fork. 

11. How may stroboseope be used to adjust the rate of 
revolution of an axle to uniformity ! 

12. A stroboscopic disc spaced with 16 spots was rotated 

and adjusted to agreement with a vibrating fork so that the 
spots appeared stationary. It made 3072 revolutions in 102 
seconds Find the frequency of the fork. Ana. 256. 

13. Give, with full details, the falling plate method for 
finding the absolute frequency of a tuning fork. Discuss anv 
possible sources of error, and suggest how you would correct 
them. 

14. Describe the application of the chronograph for 
determining the pitch of a tuning fork. 

15. What, evidence is there that notes of different pitoh 
travel with the same velooity. 

16. Describe Cagniard de la Tour’s siren and you would 
use it to determine the frequency of a fork. 

17. Give a method to determine direotly the ratio of the 
frequencies of two tuning-forks t 

18. How do you use the Lissajous’ figures to compare 
the frequencies of two forks 1 

19. Explain with examples how the strobosoopio methods 

may be used for the observation of rapid periodic motion. 
Describe some forms of a strobosoope. (P. U. 1943) 

20. What is Rcheibler’s Tonometer and how is it used for 
finding the frequency of a tuning-fork 1 

21. Describe Hebb’s Telephone method for determining the 
velooity of sound in air. 

CHAPTER XVII 

1. Explain the principle of phonograph and how it has 
been used to test the theories of the origin of vowel sounds. 

2. Describe briefly the modern method of recording and 
reproducing music eleotrically. 

3. Describe the principle of a Phonodeik and Dr. Erskine- 
Murray’s Phonoscope. How are they used in studying the 
wave forms of various musical sounds. 
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4. Desoribe the construction and operation of a (gramo¬ 
phone. 

5. Write notes on :— 

Seismograph and prospeoting for oil. 

6. Write notes an (1) Binaural method and its use in 
sound locating aod (2) Geophone and its application to mining. 

7. Explain the construction and u*e of a hydrophone. 

8. Write short notes on :— 

(») Hot wire microphone (»») 8ound ranging (in) Sing¬ 
ing flames. 

9. What are ultrasonic waves ? How are they produoed 
and detected, and to what uses are they put ? 

10. Describe experiments illustrating the maintenance of 
vibrations by heat. Explain in a general way the mode of 
their maintenance. 

It. Give a short account of the production and exhibition 
of sound motion pictures 

12. Explain clearly what causes reverberation in a hall and 
how it can be minimised. 

13. Compare the actions of the phonograph and the tele¬ 
phone. 

14. Deeoribe (a) some form of Carbon transmitter (6) a loud 
speaker. 

15. A lecture hall with a volume of 450,00 cu. ft. is found 
to have a reverberation time of 1*5 seconds. What is the total 
absorbing power of all the surfaoes in the hall ? If the area 
of the sound absorbing surfaoe is 8000 sq. ft. calculate the 
average absorption coefficient. Total absoring power=1600 

Ans. Average absorption coeffioient=0* 19 approx : 

lft. What is piezo-electric effect ? How has it been employ¬ 
ed for the production of supersonics. 


APPENDIX 


208a. The Phonic Wheel. It is an electrical application of 
tbeprinoiple underlying the theory of the strobosoope. An electric 
current is rendered intermittent by a fork and is passed through 
two electromagnets E 1 E 2 [Fig. 143 (a)]. These magnets are placed 
at opposite ends of a diameter of a soft-iron toothed wheel (TF) 
and nearly touching the teeth of the wheel. When the wheel is 
set in motion at such a speed that every time the magnets are 
energized one of the teeth is just to pass them, the wheel will 


W 



Fig. 143 (a). 

receive a series of impulses of the same frequency as the fork. 
Thus the wheel is kept moving at a constant speed determined 
by the frequency of the fork. If the wheel hasp numberof teeth, 
it will rotate once for every p vibrations of the fork. Then time 

required for p vibrations of the fork =~ seconds, where n is 

i 

the frequency of the fork. This is the time required for one 
revolution of the wheel. The wheel is meohanioally geared to a 
device which rings a bell every, say, fifty revolutions. From 
this the time for one revolution of the wheel is determined. 
Thus knowing p and time of one revolution, n can be calculated. 
This method is also free of the disadvantage of the stroboscopic 
experimental arrangement where the loading of the prongs of 
the fork by aluminium foils lowers its frequency. 
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compound modes of vibration 
of, 73 

demonstration of the vibra¬ 
tory motion of, 74 
equation of motion of a vib¬ 
rating, 65 

frequency and period of vib¬ 
ration of a, 68 
harmonics of, 72 
overtones of, 72 
Strings, resonant vibrations in, 
78 

stiffness of, 77 
the laws of vioration in. 69 
velocity of transverse waves 
along, 67 

Stringed Instruments, 258—261 
Stroboscope, 284 
Structure of ear, 181 
Sumnrftion tone, 110 
Superposition, of waves, 97 
principle of, 97 
of trains of waves, 97 
of oblique wave trains, 99 
of spherical waves, 100 
Super8onics, 302 
Synthesis of sound, 200 

T 

Tabla, 205, 266 
Table of velocity of sound, 96 
Talking motion pictures, 308 
Tank, ripple, 39 
Tanpura, 260 
Tartini Tones, 111 
Telephone, 290 


| toy, 83 
Temperament, 252; mean ton* 
254 ; equal, 255 
Temperature an^ velocity, 90 
Tempered scale, 255 
Threlfall and Adair’s determi¬ 
nation of velocity of sound 
in water, 271 

Tisley’s harmonograph, 31 
Tone, 194 
Tones, Tartini, 111 
Tonometer, 283 
Total internal reflection of 
sound waves, 146 
Transverse vibrations of plates. 
236 

Transverse, progressive undula- 
ticn, 37 

stationary undulation, 12 
vibration of rods, 233 
vibration of strings, 65 
wave. 37—42 
waves along strings, 41 
velocity of, 67 
Trevelyan Rocker, 305 
Troposphere, 150 
Trumpet, ear, 144 
Tube, speaking, 144 
Tunmg-fork, 48, 205 
electrically driven, 198 
Tuning, flue pipes, 227 
Tympanum, 206 
Tyndall, 106 

u 

Ultrasonics, 302 

applications of, 304 
Undulation, stationary, 118 
Undulations, characteristics of 
progressive, 61 
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energy of, 61 
progressive, 37 
transverse, 37 
Unison. 241,243 
Upper atmosphere, 149 

V 

Veena. 259 

Velocity and acceleration, of 
Simple Harmonic, motion, 3 
Velocity, relation to displace¬ 
ment, 14 

Velocity amplitude, 178 
Velocity, curve, 53 
in a homogeneous medium, 87 
in liquids, 277 
of pulse along a fluid, 84 
of pulse along a rod, 274 
of sound Newton’s formula 
for, 84 

-in a mixture of gases, 92 

-in isotropic solids, 95 

-table of, 96 

by resonance, 227 

of sound in open air, 268-270 
272 

in air of longitudinal waves. 
84 

in water, 271 

of transverse waves along a 
string, 67 

Vibrating string, equation of 
motion of a, 66 
motion of a point on a, 75 
Vibration, compound modes of 
a string, 73 
damped, 168 
forced 155—163, 174 
free, 154 

longitudinal, 37, 43—53 
microscope, 29 
resonant, of air column, 222 
of plates, 236 


, of rods, 232 — 235 
Vibration, of strings, laws, ef69 
Vibrations S.H., 7 

energy of a particle in, 13 
composition of, 17 — 28 
Violin, 205, 261 
Vocal chords, 202 
Vocal sounds, 202 
Vowel tone, characteristic of a, 
203 

Vowel theories, 204 

W 

Wave apparatus, 41 
Wave form, 38 
Wave front, 60 
Wave length, 39, 54 
Wave machine, 41 
Wave velocity, 59 
Wave, energy of a, 61,130—132 
Simple harmonic, equation 
of, 54 

Wave motion, 36, 39 
differential equation of, 60 
Wave, distribution of ^nergj 
in a, 62 

longitudinal, 37, 43—53 
transvrse, 36, 37—42 
in strings, 41 

Weber and Fetchner’s law’, 181 
Wheatstone, 30 
kaleidophone, 30 
Whispering galleries, 143 
Whistle, Gabon’s, 133 
Wind, effect of, on direction of 
propagation of sound, 147 
effect of, on pitch, 188 
—7~°“ ve l°°tty in open air, 268 
Wind instruments, 262 

Z 

Zones of audibility, 149 
of silence, 105, 149 




